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ABSTRACT
S t a b i l i t y  s t u d i e s  o f  m i to c h o n d r i a l  m a la te  d eh y d ro g e n ase  
were c a r r i e d  o u t  by  o b s e rv in g  th e  e f f e c t  o f  i n c u b a t i o n  tim e  
on th e  i n i t i a l  enzyme a c t i v i t y ,  t h e  e f f e c t  o f  m agnesium -ion  
c o n c e n t r a t i o n  on th e  e n z y m e - a c t iv i t y  d ecay  c u rv e ,  and by 
o b s e rv in g  th e  e f f e c t  o f  f r e e z e - t h a w i n g .  The a c t i v i t y  o f  
th e  enzyme u n d e rg o e s  an e x p o n e n t i a l  r a t e  o f  d e c r e a s e  w ith  
t im e  to  a  p l a t e a u  o f  a c t i v i t y .  Magnesium io n s  i n c r e a s e  
th e  r a t e  a t  which th e  p l a t e a u  o f  a c t i v i t y  i s  r e a c h e d .  The 
enzyme r e t a i n s  more th a n  $0% o f  i t s  a c t i v i t y  when s t o r e d  
a t  -15°C th a n  a t  J ° C ,  With magnesium i o n s  p r e s e n t ,  
how ever, t h e  enzyme l o s e s  a l l  o f  i t s  a c t i v i t y  a t  b o th  o f  
th e  s t o r a g e  t e m p e r a t u r e s .
The e f f e c t  o f  magnesium i o n s  on th e  m i to c h o n d r i a l  
m a la te  d e h y d ro g e n ase  c a t a l y z e d  sy s tem  was o b se rv e d  o v e r  a  
v a r i e d  ra n g e  o f  m agn es ium -ion  c o n c e n t r a t i o n s .  I n c r e a s i n g  
c o n c e n t r a t i o n s  o f  magnesium io n s  r e s u l t  i n  a  b e l l - s h a p e d  
c u rv e  o f  a c t i v i t y  w i th  th e  maxiumum peak  a t  33 p n o le s  
p e r  ml o f  magnesium i o n s .  T h is  e f f e c t  does n o t  r e s u l t  
from  a change i n  i o n i c  s t r e n g t h ,  n o r  from d e c a r b o x y l a t i o n .  
K i n e t i c  d a t a  i n d i c a t e  t h a t  magnesium io n s  a c t i v a t e  th e  
o x a l a c e t a t e - i n h i b i t e d  m a la te  d e h y d ro g e n ase  sys tem  a t  
m o d e ra te  c o n c e n t r a t i o n s  o f  o x a l a c e t a t e .  The fo r m a t io n  
o f  an  e n z y m e -o x a la c e ta te -m a g n e s iu m  complex a c t i v a t e s  th e
i i
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sy s tem  s i n c e  i t  r e l e a s e s  th e  i n h i b i t i o n  o f  th e  enzyme- 
o x a l a c e t a t e  com plex. The complex may a l s o  a c t i v a t e  by 
th e  fo r m a t io n  o f  t h e  enzyme-DPNH-OAA.Mg complex w hich may 
be  more r e a c t i v e  th a n  th e  enzyme-DPNH-OAA.Mg com plex.
A t h ig h  c o n c e n t r a t i o n s  o f  magnesium i o n s ,  how ever, 
i n h i b i t i o n  may o c c u r  by  th e  f o r m a t io n  o f  an  enzyme-Mg 
com plex.
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CHAPTER I
GENERAL REMARKS
M ala te  d e h y d ro g e n ase  was d i s c o v e r e d  in d e p e n d e n t ly  
by B a t e l l i  and  S t e m  (1) and  Thunberg ( 2 ) .  I t  was p a r t i a l l y  
p u r i f i e d  from b e e f - h e a r t  m u sc le  ( 3 ) and has  been  
p u r i f i e d  more e x t e n s i v e l y  by  S t r a u b  ( 4 ) .  I t  was i s o l a t e d  
from r a t  l i v e r  ( 5 ) and  h a s  been  p u r i f i e d  from o x - h e a r t  
m i to c h o n d r i a  ( 6 ) .  M a la te  d e h y d ro g e n ase  has r e c e n t l y  been  
i s o l a t e d  a s  a  p u re  enzyme from a c e t o n e - d r i e d  pow ders o f  
p i g  h e a r t  ( 7 ) .
Green (8 ) r e p o r t e d  t h a t  th e  enzyme was s p e c i f i c  f o r  
L ( - )  m a l ic  a c i d  and  d id  n o t  o x i d iz e  D (+) m a l ic  a c i d  o r  
d ih y d ro x y fu m a r ic  a c i d .  The enzyme was known to  be  s p e c i f i c  
a s  an a lp h a - h y d r o x y - d i c a r b o x y l i c  a c i d  d eh y d ro g e n ase  ( 9 ) 
c a t a l y z i n g  r e a c t i o n s  be tw een  s u b s t r a t e  and  d ip h o s p h o p y r id in e  
n u c l e o t i d e .  I t  i s  s p e c i f i c  f o r  DPN and does n o t  c a t a l y z e  
th e  r e d u c t i o n  o f  TPN ( 1 0 ) .  O x a l a c e t a t e  i s  r e d u c e d  i n  th e  
k e to  form and  n o t  i n  th e  e n o l  fo rm . A d i r e c t  t r a n s f e r  o f  
hydrogen  from th e  s u b s t r a t e  to  p y r i d i n e  n u c l e o t i d e  i s  
catalyzed, by the enzyme. The reaction is stereospecific 
i n  t h a t  th e  h y d ro g en  i s  removed from and added to  th e  
same s id e  o f  th e  p y r i d i n e  r i n g  ( 1 1 ) .
1
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2The p o s s i b i l i t y  o f  d i f f e r e n t  m o le c u la r  s p e c i e s  o f  
b o v i n e - h e a r t  m a la te  d e h y d ro g e n ase  was p ro p o se d  by D av ies 
and Kun (1 2 ) .  W olfe (13) r e p o r t e d  t h a t  e l u t i o n  o f  m a la te  
d eh y d ro g e n ase  from  a  c a t i o n  exchange column o f  c a rb o x y -  
m e t h y l c e l l u l o s e  p ro d u c e d  two d i s t i n c t  p e ak s  w i th  m a la te  
d eh y d ro g e n ase  a c t i v i t y .  E nzym atic  a n a l y s i s  o f  s u b - c e l l u l a r  
f r a c t i o n s  o f  l i v e r  and  h e a r t  m u sc le  p r o v id e d  f u r t h e r  
i n d i c a t i o n  o f  m u l t i p l e  d i s t r i b u t i o n  o f  m a la te  d e h y d ro g e n a se s  
o f  a p p a r e n t l y  d i f f e r e n t  n a t u r e .
The e x i s t e n c e  o f  two fo rm s o f  m a la te  d e h y d ro g en ase  
l o c a t e d  i n  d i f f e r e n t  c e l l u l a r  f r a c t i o n s  and p o s s e s s i n g  
d i s s i m i l a r  k i n e t i c  p r o p e r t i e s  was f i r s t  shown by  D e lb ruck  
( 1 4 ) .  S i e g e l  and  E n g la rd  (15 )  r e p o r t e d  th e  p r e s e n c e  o f  two 
m a la te  d e h y d ro g e n a s e s  i n  m in ces  o f  b e e f - h e a r t  m u sc le  w hich 
d i f f e r e d  i n  s e n s i t i v i t y  to  i n h i b i t i o n  by o x a l a c e t a t e .  A 
m i t o c h o n d r i a l  enzyme r e c o g n iz e d  by  i t s  s t r o n g  c a p a c i t y  
f o r  i n h i b i t i o n  by  o x a l a c e t a t e  was e x t r a c t e d  from f r e s h  
m in c es  o n ly  when r e l a t i v e l y  d r a s t i c  p r o c e d u r e s  were u sed  
f o r  s o l u b i l i z a t i o n  ( 1 6 ) .  A seco n d  m a la te  d e h y d ro g en ase  
a c c o u n t in g  f o r  20 to  30$  o f  th e  t o t a l  a c t i v i t y  i n  w hole- 
h e a r t  hom ogenate  and  fo u n d  o n ly  w i th  th e  s u p e r n a t a n t  
c e l l u l a r  f r a c t i o n  was e a s i l y  e x t r a c t a b l e  (1 7 ) .  Compared 
to  th e  m i t o c h o n d r i a l  enzyme, th e  s u p e r n a t a n t  form  had  a  
h i g h e r  t u r n o v e r  number w i th  o x a l a c e t a t e  and DPNH, b u t  a  lo w e r
tu r n o v e r  number w i th  m a la te  and  DPN. The two enzymes a l s o  
d i f f e r e d  i n  c h ro m a to g ra p h ic  b e h a v io u r ,  e l e c t r o p h o r e t i c
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3b e h a v io u r ,  pH o p t im a ,  s t a b i l i t y ,  r a t e s  w i th  DPN and  i t s  
a n a lo g u e s ,  M ic h a e l i s  c o n s t a n t s  and  im m u no lo g ica l  r e a c t i o n  (1 8 ) .
In  r e c e n t  y e a r s ,  i t  h a s  b e en  shown t h a t  two o r  more 
s e p a r a b le  fo rm s o f  m a la te  d eh y d ro g e n ase  o c c u r  i n  e x t r a c t s  o f  
a  v a r i e t y  o f  o rg an ism s  and t i s s u e s .  Thus, b e e f  h e a r t  has  
b e en  r e p o r t e d  to  c o n t a i n  two (1 9 )» r a t  l i v e r  two ( 2 0 ) ,  r a t  
b r a i n  two ( 2 1 ) ,  human and sheep  b r a i n  s i x  ( 2 2 ) ,  human serum 
t h r e e  ( 2 3 ) ,  p e a  s e e d l i n g s  two ( 2^ ) ,  N e u ro sp o ra  f o u r  ( 2 5 ) 
d i f f e r e n t  fo rm s o f  t h e  enzyme. When more th a n  two form s o f  
m a la t e  d e h y d ro g e n ase  have  b e en  d e t e c t e d  i n  a  s i n g l e  s p e c i e s  
o f  o rg an ism , e l e c t r o p h o r e s i s  on s t a r c h  g e l ,  s t a r c h  b lo c k ,  
o r  a g a r  g e l  h a s  been  th e  t e c h n iq u e  u s e d .  When two m a la te  
d e h y d ro g e n ase  form s were d e m o n s t r a te d ,  i t  has  b een  shown 
t h a t  th e y  w ere o f  m i t o c h o n d r i a l  and s u p e r n a t a n t  o r i g i n ,  
r e s p e c t i v e l y .
E l e c t r o p h o r e s i s  on s t a r c h  g e l  h a s  shown t h a t  th e  s u p e r ­
n a t a n t  enzyme from p i g  h e a r t  i s  c o n s i d e r a b ly  more a n o d a l  i n  
m o b i l i t y  tha© i s  th e  m i t o c h o n d r i a l  enzyme. E l e c t r o p h o r e s i s  
on s t a r c h  g e l  d e m o n s t r a te d  o n ly  one band  f o r  t h e  s u p e r n a t a n t  
m a la te  d e h y d ro g e n ase  and  up to  s i x  b ands  f o r  t h e  m i to ­
c h o n d r i a l  m a la te  d e h y d ro g e n a s e .  T rea tm en t  o f  t h e  i n d i v i d u a l  
b an d s  w i th  s i x  m o la r  u r e a  p ro d u c e d  some s p e c i f i c  change i n  
th e  d i s t r i b u t i o n  o f  th e  m a la te  d e h y d ro g en ase  com ponents 
( 2 6 ) .
M ito c h o n d r ia l  m a la te  d eh y d ro g e n ase  i s  r e p o r t e d  to  be  a  
r e l a t i v e l y  h i g h ly —c o i l e d  p r o t e i n  (2 7 , 2 8 ) .  An. u n c o i l i n g  
o f  t h i s  p r o t e i n  by  u r e a  r e s u l t s  i n  th e  p r e f e r e n t i a l
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The sm a ll  d i f f e r e n c e s  i n  c a t a l y t i c  p r o p e r t i e s  be tw een  
th e  v a r i o u s  com ponents o f  th e  m i to c h o n d r i a l  m a la te  
d e h y d ro g e n a se s  a r e  n o t  com p arab le  to  th o s e  o b se rv e d  i n  th e  
c a s e  o f  l a c t a t e  d e h y d ro g e n ase  ( 2 9 ) i n  w hich th e  f i v e  isozym es 
a p p e a r  to  c o m p rise  two d i s t i n c t  enzyme ty p e s  t o g e t h e r  w i th  
t h r e e  h y b r i d  m o le c u le s  (3 0 )•  The d i f f e r e n c e s  b e tw een  th e  
m i to c h o n d r i a l  and  s u p e r n a t a n t  m a la te  d e h y d ro g e n a se s  a r e  
g r e a t e r  and  th e s e  enzymes may d i f f e r  c o n s i d e r a b ly  i n  
s t r u c t u r e .
S i e g e l  and  E n g la rd  (31) d e m o n s tr a te d  t h a t  t h e  m i to ­
c h o n d r i a l  m a la te  d e h y d ro g e n ase  ( b e e f - h e a r t  m u sc le )  had  tw ic e  
t h e  number o f  h a l f - c y s t i n e  r e s i d u e s  th a n  i n  th e  s u p e r n a t a n t  
m a la te  d e h y d ro g e n ase  when t i t r a t e d  w i th  £ -m e rc u ro b e n z o a te .
A l l  th e  s u l f h y d r y l  g ro u p s  o f  u n d e n a tu r e d  m i to c h o n d r i a l  
m a la t e  d e h y d ro g e n ase  c o u ld  be  t i t r a t e d  w i th  £ -m e rc u ro b e n z o a te  
a l th o u g h  th e  r e a c t i o n  p ro c e e d s  s lo w ly ,  w h i le  o n ly  h a l f  o f  
th e  s u l f h y d r y l  g ro u p s  o f  th e  s u p e r n a t a n t  m a la te  d e h y d ro g e n ase  
c o u ld  be  t i t r a t e d  even  i n  t h e  p r e s e n c e  o f  e x c e s s  r e a g e n t .  
F i n a l l y ,  t h e  t i t r a t i o n  o f  m i t o c h o n d r i a l  m a la te  d eh y d ro g e n ase  
w i th  £ -m e rc u ro b e n z o a te  r e s u l t s  i n  l o s s  o f  enzyme a c t i v i t y  
a f t e r  a d d i t i o n  o f  o n ly  t h r e e  e q u i v a l e n t s  o f  t h i s  r e a g e n t ,  
w h e re a s ,  no l o s s  o f  a c t i v i t y  o f  s u p e r n a t a n t  m a la te  de ­
h y d ro g e n a se  o c c u r s  a f t e r  h a l f  o f  i t s  s u l f h y d r y l  g ro u p s  have 
b een  t i t r a t e d  (a b s e n c e  o f  d i s u l f i d e  l i n k a g e s ) .  Amino a c i d  
a n a l y s i s  a l s o  d e m o n s tr a te d  t h a t  th e  enzymes d i f f e r e d  i n  th e
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Hence, t h e r e  a p p e a rs  to  be  h e t e r o g e n e i t y  o f  two t y p e s ,  
t h e  m ic r o h e t e r o g e n e i t y  se en  among th e  d i f f e r e n t  com ponents 
o f  th e  m i to c h o n d r i a l  m a la te  d e h y d ro g e n a s e ,  and  th e  g r o s s e r  
d i f f e r e n c e  se e n  b e tw een  th e  m i to c h o n d r i a l  and s u p e r n a t a n t  
enzym es. The o u t s t a n d i n g  d i f f e r e n c e s  be tw een  th e  two 
m a la te  d e h y d ro g e n a se s  a r e  s e e n  i n  th e  k i n e t i c  b e h a v io u r  i n  
r e d u c t i o n  o f  o x a l a c e t a t e  and  i n  th e  i n t e r a c t i o n  w ith  
o -m e rc u ro b e n z o a te .  Thus, m i to c h o n d r i a l  m a la te  d e h y d ro g e n ase  
i s  i n h i b i t e d  by e l e v a t e d  c o n c e n t r a t i o n s  o f  o x a l a c e t a t e  which 
do n o t  a f f e c t  t h e  s u p e r n a t a n t  m a la te  d e h y d ro g e n a s e .  The 
m i t o c h o n d r i a l  m a la te  d e h y d ro g e n ase  i s  i n a c t i v a t e d  by  £ -  
m e rc u ro b e n z o a te  u n d e r  c o n d i t i o n s  which do n o t  s i g n i f i c a n t l y  
a l t e r  th e  a c t i v i t y  o f  th e  s u p e r n a t a n t  m a la te  d e h y d ro g e n a se .  
S in c e  c a rb o n y l  compounds a r e  known to  r e a c t  w i th  s u l f h y d r y l  
g ro u p s  t o  form e i t h e r  t h i o h e m i a c e t a l s  o r  t h i o h e m i k e t a l s  ( 3 2 ) ,  
i t  i s  p o s s i b l e  t h a t  b o th  d i f f e r e n c e s  a r e  r e l a t e d ,  and t h a t  
o x a l a c e t a t e  r e a c t s  w i th  a  su l fh y d ry l  g roup  o f  th e  m i to c h o n d r i a l  
m a la te  d e h y d ro g e n ase  e s s e n t i a l  f o r  a c t i v i t y  ( 3 3 )»
M i to c h o n d r ia l  m a la te  d e h y d ro g e n ase  was fou nd  to  b in d  
two m o le c u le s  o f  re d u c e d  coenzyme p e r  70 ,000 grams o f  enzyme. 
F l u o r e s c e n t  t e r n a r y  com plexes were o b s e rv e d  w i th  th e  p i g -  
h e a r t  enzyme, D -m ala te  and  DPN b u t ,  no such complex was 
o b se rv e d  among enzyme, L -m a la te  and DPN (3^)»
T here  have  b e en  v e ry  few s t u d i e s  on th e  a c t i v i t y  and
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Commercial m i t o c h o n d r i a l  m a la te  d e h y d ro g en ase  v a r i e s  m ark ed ly  
i n  a c t i v i t y  and  i n  s t a b i l i t y  d ep en d in g  on w h e th e r  i t  was 
d i l u t e d  i n  ammonium s u l f a t e  s o l u t i o n  o r  i n  w a te r .  T h is  
e f f e c t  i s  c a u se d  by th e  a c t i v a t i o n  o f  th e  m a la te  d eh y d ro g e n ase  
by u n r e l a t e d  r e a g e n t s  such  a s  t r i s - H C l ,  ammonium s u l f a t e  and 
th e  c o f a c t o r  DPNH. The a c t i v a t i o n  by  t h e s e  r e a g e n t s  v a r i e s  
w i th  th e  p u r i t y  o f  th e  enzyme p r e p a r a t i o n  and w i th  th e  
p h y s i c a l  s t a t e  o f  th e  p r o t e i n .  F o r  exam ple , th e  r o t a t o r y  
pow er o f  th e  p r o t e i n  i s  a f f e c t e d  by  d i a l y s i s  and  s a l t  
t r e a t m e n t s  and  t h e s e  e f f e c t s  may be  r e l a t e d  to  e n zy m a tic  
i n a c t i v a t i o n  and r e a c t i v a t i o n  ( 3 5 ) .
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CHAPTER I I
INTRODUCTION TO THE KINETIC STUDIES
One o f  t h e  m ost s e r i o u s  l i m i t a t i o n s  o f  t h e  M i c h a e l i s -  
Menten t h e o r y  i s  t h a t  i t  assum es o n ly  one s u b s t r a t e  e n t e r s  
th e  r e a c t i o n ,  w hereas  th e  m a j o r i t y  o f  en zy m atic  r e a c t i o n s  
in v o lv e  tt^o o r  more s u b s t r a t e s .  The common r e a c t i o n s  
i n v o lv i n g  two s u b s t r a t e s  f a l l  i n t o  t h r e e  c a t e g o r i e s :
A + B--------- -1A.B (1)
A + By - . ;/;_£■ A + C (2)
A + B:;-r— ^ C + D (3)
b u t  k i n e t i c a l l y  th e y  may a l l  be  t r e a t e d  i n  t h e  same m anner. 
R e a c t io n  (1) r e p r e s e n t s  an  a d d i t i o n  r e a c t i o n ;  r e a c t i o n  (2) 
r e p r e s e n t s  a  s i t u a t i o n  where an  a c t i v a t o r  i s  n e c e s s a r y ;  and 
r e a c t i o n  ( 3 ) r e p r e s e n t s  t r a n s f e r  o f  g ro u p s  be tw een  s u b s t r a t e s .  
Most enzyme r e a c t i o n s  a r e  p ro b a b ly  o f  ty p e  (3) inasm uch  a s  
t h i s  i n c l u d e s  a l l  r e a c t i o n s  o f  g roup  t r a n s f e r :
A-X + B   " A + B-X (*0
where X may b e  h y d ro g en  atom s i n  an o x i d a t i o n - r e d u c t i o n ,  o r  
c h em ic a l  g ro u p s  a s  i n  t r a n s m e t h y l a t i o n ,  t r a n s a m i n a t i o n ,  o r  
t r a n s a c y l a t i o n ,  o r  t h a t  p a r t  o f  th e  s u b s t r a t e  t h a t  i s  
t r a n s f e r r e d  to  t h e  h y d ro x y l  g roup  o f  w a te r  i n  h y d r o l y t i c  
r e a c t i o n s .  A l l  t w o - s u b s t r a t e  r e a c t i o n s  may be  d i v id e d  i n t o  
two g e n e r a l  t y p e s  a s  g iv e n  by  th e  f o l lo w in g  p o s s i b l e
7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8c a t e g o r i e s :  i n  th e  f i r s t ,  o n ly  one o f  th e  s u b s t r a t e s  form s
an ES complex w i th  th e  enzyme and  th e  seco n d  s u b s t r a t e  r e a c t s
d i r e c t l y  w i th  t h i s ,  w h e re a s ,  i n  th e  se c o n d ,  b o th  s u b s t r a t e s
form com plexes w i th  th e  enzyme an d , t h e s e  b e in g  a d j a c e n t ,
fo r m a t io n  o f  th e  p r o d u c t s  o c c u r s  w i t h i n  t h i s  t e r n a r y  com plex .
S i e g e l  e t  a l .  ( 3 6 ) ,  A l b e r t y  ( 3 7 ) ,  and  T h e o r e l l  (38)
have shown t h a t  i t  i s  p o s s i b l e  to  o b t a i n  i n f o r m a t i o n
r e g a r d i n g  th e  p o s s i b l e  m echanism s o f  t w o - s u b s t r a t e  r e a c t i o n s
by  a p p r o p r i a t e  k i n e t i c  m easu rem en ts .  A l b e r t y  h as  d e r i v e d
th e  r a t e  law :
1 = 1 + Ka *  KB + KAB (5)
v 0 v f  VfTJ) VfTB) VfTOTBT
where A and B a r e  s u b s t r a t e s  i n  th e  fo rw a rd  d i r e c t i o n  f o r
th e  g e n e r a l  r e a c t i o n  A + B  XC + D and v0 i s  th e
p r e v a i l i n g  i n i t i a l  v e l o c i t y ,  v f  i s  t h e  maximum i n i t i a l
v e l o c i t y  f o r  th e  fo rw a rd  d i r e c t i o n ,  Ka and  Kg a r e  M ic h a e l i s
c o n s t a n t s  and Kab i s  a  com plex M ic h a e l i s  c o n s t a n t  a s  d e f in e d
by A l b e r t y .  D a l z i e l  (39) h a s  e x p r e s s e d  th e  above r a t e  law
i n  s l i g h t l y  d i f f e r e n t  form b y  th e  u s e  o f  f o u r  k i n e t i c
c o e f f i c i e n t s  a s  g iv e n  be low :
e — 0o + 01 + 02 + 012 ( 6 )
v0 (A) IB ) “ (B)
where e i s  th e  c o n c e n t r a t i o n  o f  enzyme a c t i v e  s i t e s .
R aval (4-0), u t i l i z i n g  th e  a p p ro a c h  o f  D a l z i e l  (41) i n
th e  d e t e r m i n a t i o n  o f  k i n e t i c  c o e f f i c i e n t s ,  d e te rm in e d  t h a t  a
com pu lso ry  s u b s t r a t e  b i n d in g  o r d e r  was r e q u i r e d  i n  b o th
r e a c t i o n  d i r e c t i o n s .  I n  th e  c a se  o f  t w o - s u b s t r a t e  enzym es,
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m ust be  o b t a i n e d  by e x t r a p o l a t i o n  to  c o n d i t i o n s  which a r e  o f  
z e ro  o r d e r  w i th  r e s p e c t  to  b o th  s u b s t r a t e s .  A s e r i e s  o f  
d o u b le  r e c i p r o c a l  ( r e c i p r o c a l  i n i t i a l  v e l o c i t y  v e r s u s  
r e c i p r o c a l  s u b s t r a t e  c o n c e n t r a t i o n )  p r im a ry  p l o t s  were made 
a c c o rd in g  to  L in e w e av e r  and  Burk ( ^ 2 ) .  I n  such  e x p e r im e n ts  
t h e  c o n c e n t r a t i o n  o f  one s u b s t r a t e ,  th e  " f i x e d  s u b s t r a t e " ,  
was a d j u s t e d  to  a  c o n s t a n t  i n i t i a l  v a lu e ,  w h i le  th e  
c o n c e n t r a t i o n  o f  th e  seco n d  s u b s t r a t e  was v a r i e d  i n  th e  
u s u a l  m anner. I n  each  o f  a  s e r i e s  o f  such  e x p e r im e n ts ,  th e  
c o n c e n t r a t i o n  o f  th e  f i x e d  s u b s t r a t e  was a d j u s t e d  to  an 
a p p r o p r i a t e  th ough  d i f f e r e n t  i n i t i a l  c o n c e n t r a t i o n .  Two 
ty p e s  o f  s e c o n d a ry  p l o t s  were made from  each  s e r i e s  o f  
p r im a ry  p l o t s ;  t h e  f i r s t ,  a  p l o t  o f  th e  o r d i n a t e  i n t e r c e p t  
(1 /S  = 0) v e r s u s  th e  r e c i p r o c a l  o f  t h e  f i x e d  s u b s t r a t e  
c o n c e n t r a t i o n ;  and th e  se co n d , a  p l o t  o f  th e  s lo p e  o f  th e  
p r im a ry  l i n e s  v e r s u s  t h e  r e c i p r o c a l  o f  th e  f i x e d  s u b s t r a t e  
c o n c e n t r a t i o n .  I t  was p o s s i b l e  to  e v a l u a t e  a l l  o f  th e  
k i n e t i c  c o n s t a n t s  from t h e s e  se c o n d a ry  p l o t s .  The r a t e  
l i m i t i n g  s t e p  i n  b o th  d i r e c t i o n s  a p p e a re d  to  b e  th e  d i s ­
s o c i a t i o n  o f  coenzyme from  th e  enzyme-coenzyme com plex.
K i n e t i c  s t u d i e s  o f  th e  r e a c t i o n  m echanism s by  p r o d u c t -  
i n h i b i t i o n  s t u d i e s  i n d i c a t e  t h a t  th e  com pulso ry  s u b s t r a t e  
b i n d in g  o r d e r  m echanism s in v o lv e  a t  l e a s t  one t e r n a r y  
com plex b e tw een  th e  enzyme, coenzyme and  th e  s u b s t r a t e  ( ^ 3 ) .  
Coenzyme s u b s t r a t e s  b i n d  f i r s t  t o  th e  enzyme. The d i s s o c i a t i o n
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o f  th e  t e r n a r y  complex was found  to  be much f a s t e r  th a n  th e  
d i s s o c i a t i o n  o f  th e  b i n a r y  com plex . The r e a c t i o n  mechanism 
was p r e s e n t e d  a s :
K.E + DPNH -- ^ E. DPNH
E.DPNH + OAA **»-* E.X.Y.
K» ' K' *
E.X.Y.— ZZ±E.DPN + M
I * - ?
E.DPN=“ = ^ E  + DPN
A v a r i e t y  o f  enzymes have b e e n  shown to  be  i n h i b i t e d  
by s u b s t r a t e .  These i n c l u d e  fu m ara se  ( 4 4 ) ,  l a c t a t e  
d e h y d ro g e n ase  ( 4 5 ) ,  e n o la s e  ( 4 6 ) ,  r i b o n u c l e a s e  ( 4 7 ) ,  p y r o ­
p h o s p h a ta s e  ( 4 8 ) ,  and  a  h o s t  o f  o t h e r s .  M a la te  d eh y d ro g e n ase  
i s  i n c l u d e d  i n  t h i s  g roup  o f  enzym es.
T h is  ty p e  o f  i n h i b i t i o n  may be  p ro d u ce d  by  any o f  th e  
f o l lo w in g  m echanism s:
a )T he  s u b s t r a t e  i n  th e  a c t i v e  ES com plex form s a  m u l t i ­
p o i n t  a t t a c h m e n t  t o  th e  enzyme so t h a t  a t  h ig h  s u b s t r a t e  
c o n c e n t r a t i o n s  i t  i s  p o s s i b l e  t h a t  two o r  more s u b s t r a t e  
m o le c u le s  can  b e  bound s im u l t a n e o u s ly  to  th e  a c t i v e  c e n t r e .
I f  m u l t i p o i n t  a t t a c h m e n t  i s  n e c e s s a r y  f o r  r e a c t i o n ,  b i n d in g  
o f  th e  s u b s t r a t e  m o le c u le s  a t  th e  s i n g l e  b in d in g  s i t e s  w i l l  
l e a d  to  i n a c t i v e  com plexes and  a  r e d u c t i o n  o f  a v a i l a b l e  
enzyme.
b )T he  s u b s t r a t e  may combine n o t  o n ly  a t  th e  a c t i v e  s u b s t r a t e  
s i t e  b u t  a l s o  a t  s i t e s  i n  v a r i o u s  s p a t i a l  r e l a t i o n s h i p s  to  
t h e  a c t i v e  s i t e s ,  i n t e r f e r i n g  w i th  e i t h e r  th e  b i n d in g  o f  
th e  s u b s t r a t e  i n  th e  a c t i v e  ES com plex o r  i n t e r f e r i n g  w i th
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i t s  r e a c t i o n  when so bound.
c)T he  s u b s t r a t e  may r e a c t  w i th  an  a c t i v a t o r  and  a t  
s u f f i c i e n t l y  h ig h  c o n c e n t r a t i o n  d e p l e t e  th e  sy s tem  o f  th e  
a c t i v a t o r  so t h a t  th e  enzyme becom es i n a c t i v e .
d)The t r u e  s u b s t r a t e  f o r  th e  enzyme may be  a  complex o f  th e  
added  s u b s t r a t e  w i th  an  a c t i v a t o r ,  i n  which c a se  th e  added  
s u b s t r a t e  may compete w i th  t h i s  complex f o r  b i n d in g  to  th e  
enzyme.
e )T he  s u b s t r a t e  may i n t e r f e r e  w i th  t h e  b i n d in g  o f  a  coenzyme 
o r  a c c e p t o r  i n  t r a n s f e r  r e a c t i o n s .
f )T h e  s u b s t r a t e  a t  h ig h  c o n c e n t r a t i o n s  may r e d u c e  th e  w a te r  
c o n c e n t r a t i o n  and  slow  th e  r a t e  i f  w a te r  i s  one o f  th e  
r e a c t a n t s .
g ) I n c r e a s i n g  s u b s t r a t e  c o n c e n t r a t i o n  may i n c r e a s e  t h e  i o n i c  
s t r e n g t h  o f  th e  r e a c t i o n  m ix tu r e  and t h i s  may m od ify  th e  
r a t e  i n d e p e n d e n t ly  o f  any d i r e c t  o r  s p e c i f i c  e f f e c t s  o f  th e  
s u b s t r a t e  ( 4 9 ) .
D e t a i l e d  i n i t i a l  r a t e  k i n e t i c  s t u d i e s  o f  s u b s t r a t e  
i n h i b i t i o n  by o x a l a c e t a t e  were r e p o r t e d  by R aval ( 5 0 ) .  By 
a  s e r i e s  o f  d o u b le  r e c i p r o c a l  p l o t  d e t e r m i n a t i o n s  (from  
th e  e q u a t io n  o f  D a l z i e l ) ,  a  r e a c t i o n  mechanism in v o lv i n g  
c o m p e t i t iv e  i n h i b i t i o n  by  th e  f o r m a t io n  o f  an  a c t i v e  enzyme- 
o x a l a c e t a t e  com plex and an  in d e p e n d e n t  u n c o m p e t i t iv e  
i n h i b i t i o n  by  th e  f o r m a t io n  o f  an  en zy m e-D P N -o x a lace ta te
complex was f o r m u la te d .  T h is  was e x p re s s e d  a s  f o l lo w s :
E + DPN H ^ ====b E . DPNH 
K- /
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/
(E + OAA - JjLi^E.OAA I-,) 
k : ' k,E.DPNH + OAA-;_irf±E.X.Y. 
kE . X . Y . - r ± = ± E . D P N  + II 
 ^ k '
(S.DPN + ' OAA-===^E.DPN.OAA I ? )
i<J3 c
E.DFN- — —SE + DPN
' K - y
w here th e  b r a c k e t e d  e q u a t io n s  r e p r e s e n t  th e  i n h i b i t e d  r e a c t i o n s .
By m ethods o f  ch em ic a l  r e l a x a t i o n  and  f l u o r e s c e n c e ,  th e  
a c t i o n  o f  DPNH w i th  t h e  enzyme was shown to  t a k e  e f f e c t  i n  
two s t e p s  a s  f o l lo w s :
ERH+ + B“ :iz~ z± E R  + BH
kl ' K~s
E R E  + R
< i.
w here  E i s  t h e  a c t i v e  s i t e  on t h e  enzyme, R i s  th e  DPNH 
m o ie ty  and  B i s  t h e  b u f f e r  ( 5 1 ) .
Magnesium io n  c a t a l y z e s  th e  sp o n ta n e o u s  d e c a r b o x y l a t i o n  
o f  o x a l a c e t a t e  by  fo rm in g  a  m a g n e s iu m -o x a la c e ta te  complex 
( 5 2 ) .
I n  t h i s  s tu d y ,  e x p e r im e n ts  were c a r r i e d  o u t  to  
c h a r a c t e r i z e  t h e  f a c t o r s  which a f f e c t  th e  s t a b i l i t y  o f  
t h e  m i to c h o n d r i a l  m a la t e  d e h y d ro g e n a s e .  A s tu d y  o f  th e  
e f f e c t  o f  magnesium i o n s  on th e  m i to c h o n d r i a l  m a la te  
d e h y d ro g e n a se  c a t a l y z e d  sy s tem  was u n d e r t a k e n  to  d e te rm in e  
th e  n a t u r e  o f  th e  e f f e c t s .  The p r e l i m i n a r y  k i n e t i c s  
o f  t h i s  sy s tem  were m ea su re d .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I I I
STABILITY STUDIES OP THE MITOCHONDRIAL 
MALATE DEHYDROGENASE CATALYZED REACTION
Methods
T r is (h y d ro x y m e th y l ) a tn in o m e th a n e  was a  p r i m a r y  s t a n d a r d  
from t h e  F i s h e r  S c i e n t i f i c  Company. DPNH i n  t e n  m i l l i g r a m  
l o t s  was o b t a i n e d  from B o e h r i n g e r  Mannheim and  Son. 
O x a l a c e t a t e ,  b o v in e - s e r u m  a lbum in  and  commercial  m a l a t e  
d e h y d ro g e n ase  from p i g  h e a r t  was p u r c h a s e d  from t h e  
C a l i f o r n i a  C o r p o r a t i o n  f o r  B io c h e m ic a l  R e s e a r c h .  The 
magnesium c h l o r i d e  was r e a g e n t  g r a d e  from t h e  F i s h e r  
S c i e n t i f i c  Company.
The o x a l a c e t a t e  s o l u t i o n  was m a i n t a i n e d  a t  a  pH o f  7 .0  
w i t h  p o t a s s iu m  h y d ro g en  c a r b o n a t e .  The sp o n ta n e o u s  
d e c a r b o x y l a t i o n  o f  t h e  o x a l a c e t a t e  was n e g l i g i b l e  o v e r  t h e  
e x p e r i m e n t a l  i n t e r v a l  a t  t h i s  pH (5 3 ) •  The o x a l a c e t a t e  
s o l u t i o n  was p r e p a r e d  o n ly  im m e d ia t e l y  b e f o r e  u s e  and  k e p t  
a t  0°C. K ap lan  (5^)  r e p o r t e d  t h e  f o r m a t i o n  o f  an  i n h i b i t o r  
i n  s t o r e d ,  f r o z e n  DPNH s o l u t i o n s .  T h e r e f o r e ,  t h e  DPNH 
s o l u t i o n  was p r e p a r e d  im m e d ia t e l y  b e f o r e  u s e .
M i t o c h o n d r i a l  m a l a t e  d e h y d ro g e n ase  was i s o l a t e d  
a c c o r d i n g  to  t h e  method o f  Ochoa (55)  a s  i s  i n d i c a t e d
13
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I n  Appendix  1 .  Commercial m i t o c h o n d r i a l  m a l a t e  de h y d ro g e n ase  
was p r e p a r e d  a s  i n d i c a t e d  i n  Appendix  1 .
S p e c t r o p h o t o m e t r i c  m easu rem en ts  were made w i t h  a  Beckman
model DU s p e c t r o p h o t o m e t e r  and  w i th  a  G i l f o r d  2000 A bsorbance
R e c o rd e r  (Beckman M onochrom ato r ) .  The t e m p e r a t u r e  o f  a l l
o
a s s a y  sy s te m s  was m a i n t a i n e d  a t  25 . 0+0 . 5  C by c i r c u l a t i n g  
w a t e r  from a  t h e r m o s t a t  t h r o u g h  th e r m o s p a c e r s  a t  t h e  end o f  
t h e  c e l l  co m p a r tm e n ts .  The m easu rem en ts  were p e r f o r m e d  i n  
c o n j u n c t i o n  w i th  t h e  i s o l a t i o n  o f  m a l a t e  d e h y d ro g e n ase  and 
were made by m e a s u r i n g  t h e  r a t e  o f  o x i d a t i o n  o f  DPNH w i th  
c o n s t a n t  c o n c e n t r a t i o n  o f  t h e  coenzyme and  s u b s t r a t e .  I n i t i a l  
r e a c t i o n  r a t e s  were m easu re d  by o b s e r v i n g  t h e  r a t e  o f  
change i n  t h e  o p t i c a l  d e n s i t y  a t  3^0 mji. A l l  i n i t i a l  
r e a c t i o n  r a t e s  were  m e a su re d  a t  c o n c e n t r a t i o n  r a n g e s  i n  
which o x a l a c e t a t e  i n h i b i t i o n  o c c u r r e d ,  b u t  i n  which  no DPNH 
i n h i b i t i o n  was p r e s e n t .
Fo r  t h e  e n z y m a t ic  a s s a y s ,  s p e c t r o p h o t o m e t r i c  q u a r t z  
c u v e t t e s  ( 1 . 5  ml volume and 0 . 5  cm l i g h t  p a t h )  c o n t a i n e d  
p e r  ml, 67  p m oles  o f  p o t a s s i u m  p h o s p h a t e  b u f f e r  o r  67 pmoles 
o f  t r l s - a c e t a t e  b u f f e r  pH 7 . ^ ,  0 .1  p m o le s  o f  DPNH, 0 .51  
pm oles  o f  0AA pH 7 . 0 .  The s p e c t r o p h o t o m e t e r  was b a l a n c e d  
a t  3^0 mp and t h e  r e a c t i o n  was i n i t i a t e d  by t h e  a d d i t i o n  
o f  0 . 1  ml o f  t h e  enzyme (com m erc ia l  o r  p r e p a r e d  m i t o c h o n d r i a l  
m a l a t e  d e h y d ro g e n a s e )  p r o p e r l y  d i l u t e d  w i th  a  one mgm p e r  
ml s o l u t i o n  o f  c r y s t a l l i n e  b o v in e - s e r u m  a lbum in  i n  0 .0 2  m o la r  
p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 . ^ .  The i n i t i a l
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c o n c e n t r a t i o n  o f  th e  enzyme was a d ju s te d  so t h a t  th e  i n i t i a l  
r e a c t i o n  r a t e  c o u ld  be a c c u r a t e ly  r e c o rd e d . The c e l l  was 
a d j u s t e d  t o  1 . 5  m l b y  th e  a d d i t io n  o f  d e io n iz e d  w a te r .
The y i e l d  o f  m a la te  d eh yd ro g en ase  o b ta in e d  d u r in g  th e  
i s o l a t i o n  p ro c e d u re  was e x p re s s e d  i n  u n i t s  w h ic h  c o rre s p o n d e d  
to  th e  d e c re a s e  i n  o p t i c a l  d e n s it y  o f  0 .0 1  p e r  m in u te  u n d e r  
th e  above c o n d it io n s .  S p e c i f ic  a c t i v i t y  was e x p re s s e d  i n  
u n i t s  p e r  m i l l ig r a m  o f  p r o t e i n .  Enzyme a c t i v i t y  was e x p re s s e d  
i n  u n i t s .  Enzyme a c t i v i t y  as d e te rm in e d  b y  i n i t i a l  r a t e s  o f  
ab s o rb a n c e  change i n  th e  above c o n d it io n s  was e x p re s s e d  i n  
te rm s  o f  DPNH o x id iz e d ,  c a lc u la t e d  fro m  th e  e x t i n c t io n  
c o e f f i c i e n t  o f  6 . 2 2  x  10^  cm2 p e r  m ole  o f  DPNH,
P r o t e in  was d e te rm in e d  s p e c t r o p h o t o m e t r ic a l ly  b y  
m e a s u r i n g  l i g h t  a b s o r p t io n  a t  280 mji and  260 mp, w it h  a  
c o r r e c t i o n  f o r  th e  n u c le ic  a c id  c o n te n t  fro m  th e  d a ta  g iv e n  
b y  W arburg  and C h r is t ia n  ( 5 6 ) .  The enzyme d e te r m in a t io n  was 
c a r r i e d  o u t  i n  q u a r t z  c e l l s  o f  1 , 0  m l volum e and 1 .0  cm 
l i g h t  p a t h .  The enzyme was s u i t a b l y  d i lu t e d  w i t h  b u f f e r  
to  a  volum e o f  1 .0  m l and th e  o p t i c a l  d e n s it y  was d e te rm in e d  
a g a i n s t  a  b l a n k  c o n ta in in g  o n ly  b u f f e r .  The p r o t e i n  
c o n c e n t r a t i o n  o f  th e  s o lu t io n  i n  th e  e x p e r im e n ta l  c e l l  was 
d e t e r m i n e d  f ro m  th e  Nomograph b y  E . Adams as d i s t r i b u t e d  b y  
t h e  C a l i f o r n i a  C o r p o r a t io n  f o r  B io c h e m ic a l R e s e a rc h .
A l l  k i n e t i c  s tu d ie s  w ere  r e p e a te d  th r e e  t im e s  as a  
m easure o f  r e p r o d u c l b l  1 1 t y .
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R e s u l t s
The i n s t a b i l i t y  o f  t h e  enzyme was shown I n  t h i s  sys tem 
by an  enzyme c o n c e n t r a t i o n - a c t i v i t y  s t u d y .  F i g u r e  1 p r e s e n t s  
a  p l o t  o f  i n i t i a l  r e a c t i o n  r a t e  a g a i n s t  i n c r e a s i n g  p r o t e i n  
c o n c e n t r a t i o n  i n  j x grams p e r  ml when no magnesium i o n s  were 
ad d ed ,  and  when 13 ^lmoles o r  67 juno les  p e r  ml o f  magnesium 
i o n s  were a d d ed ,  A l i n e a r  o n e - t o - o n e  r e l a t i o n s h i p  was n o t  
o b s e r v e d  f o r  these d a t a .  F i g u r e  2 p r e s e n t s  a  t i m e - a c t i v i t y  
p l o t  o f  t h e  enzyme o v e r  a  p e r i o d  o f  s i x  h o u r s .  The enzyme 
d e c r e a s e d  e x p o n e n t i a l l y  i n  a c t i v i t y  w i t h  t im e  i n  t h i s  p e r i o d  
and  a p p e a re d  t o  a p p ro a c h  a  p l a t e a u  o f  a c t i v i t y .  F i g u r e  3 
p r e s e n t s  d a t a  s i m i l a r  t o  F i g u r e  1 ,  w i th  t h e  e x c e p t i o n  t h a t  
c o n t r o l  r e a c t i o n s  were ru n  s i m u l t a n e o u s l y  w i th  each  
e x p e r i m e n t a l  r u n  and t h e  a p p r o p r i a t e  c o r r e c t i o n s  t o  t im e  
z e ro  were made. A l i n e a r  o n e - t o - o n e  r e l a t i o n s h i p  was 
o b t a i n e d  u n d e r  t h e s e  c o n d t i o n s .
P r e l i m i n a r y  s t u d i e s  on t h e  enzyme s t a b i l i t y  i n  t h e  
p r e s e n c e  o f  magnesium were made by  m e a s u r in g  t h e  a c t i v i t y  
o v e r  a  p e r i o d  o f  h o u r s  and  by  m e a s u r in g  t h e  a c t i v i t y  w i th  
27 jamoles p e r  ml o f  magnesium i o n s  added  to  t h e  c u v e t t e  
o v e r  t h e  same p e r i o d  o f  t im e .  F i g u r e  b  summarizes t h e s e  
d a t a .  The a d d i t i o n  o f  magnesium i o n s  c a u se d  t h e  r a t e  o f  
a p p ro a ch  to  t h e  p l a t e a u  o f  a c t i v i t y  t o  be  i n c r e a s e d .
A f r e e z e - t h a w  s t u d y  was made to  d e te r m in e  t h e  e f f e c t
on enzyme s t a b i l i t y .  The enzyme was a l lo w e d  t o  r e a c h  t h e  
p l a t e a u  o f  a c t i v i t y  p o r t i o n  o f  t h e  t i m e - a c t i v i t y  cu rv e
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and th e n  was f r o z e n  o v e r n i g h t  a t  -15°C t o  o b s e r v e  t h e  e f f e c t  
on t h e  enzyme a c t i v i t y .  A s t a b i l i z e d  enzyme sample  ( a t  th e  
p l a t e a u  p o r t i o n  o f  t h e  t i m e - a c t i v i t y  c u rv e )  was l e f t  a t  3°C 
f o r  24 h o u rs  to  o b s e r v e  t h e  e f f e c t  on a c t i v i t y .  An enzyme 
sample  w i th  27 ^amoles p e r  ml o f  magnesium i o n  ad d ed ,  was 
a l l o w e d  to  r e a c h  t h e  p l a t e a u  p o r t i o n  o f  th e  t i m e - a c t i v i t y  
c u r v e ,  and  t h e n ,  a  p o r t i o n  was f r o z e n  a t  -15°C and a  p o r t i o n  
was s t o r e d  a t  30C o v e r n i g h t  t o  m easu re  t h e  e f f e c t  on a c t i v i t y .  
Tab le  1 summarizes a  t y p i c a l  s e t  o f  d a t a .  The enzyme 
r e t a i n s  more t h a n  h a l f  o f  i t s  a c t i v i t y  when f r o z e n  o v e r n i g h t  
a s  compared to  l e s s  th a n  one q u a r t e r  o f  i t s  a c t i v i t y  
when l e f t  a t  3°C. The a d d i t i o n  o f  magnesium i o n s  t o  th e  
sys tem  i n a c t i v a t e s  t h e  enzyme when f r o z e n  o v e r n i g h t  and when 
l e f t  a t  3°C o v e r n i g h t .  There  a p p e a r s  t o  be no r e a c t i v a t i o n  
a f t e r  f r e e z e - t h a w i n g .  When a  t i m e - a c t i v i t y  s t u d y  was 
m easured  on t h e  thawed sample  i t  c o n t i n u e d  t o  l o s e  a c t i v i t y  
w i th  t im e ,  u n l i k e  t h e  r e p o r t s  o b s e r v e d  i n  th e  l i t e r a t u r e  ( 5 7 )*
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F i g u r e  l a , b
The E f f e c t  o f  I n c r e a s e d  C o n c e n t r a t i o n  o f  M a l a t e  
D e h y d r o g e n a s e  on t h e  I n i t i a l  R a t e  o f  R e d u c t i o n  
o f  DPNH i n  an  U n c o r r e c t e d  S y s te m .
Legend
Each c u v e t t e  ( 1 . 5  ml volume and 0 . 5  cm l i g h t  p a t h )  
c o n t a i n e d  p e r  ml,  67 j imoles o f  t r i s - a c e t a t e  b u f f e r  pH 7 . 4 ,
0 .1  jumoles DPNH, 0 .5 1  p i o l e s  OAA pH 7 . 0 ,  v a r y i n g  c o n c e n t r a t i o n s  
o f  t h e  enzyme 4 . 8 ,  9 . 5 , 1 4 . 3 ,  1 9 . 0 , 2 3 .8  jxgrams p e r  ml f o r  
MyMDH and 0 . 3 ,  0 . 6 ,  0 . 9 ,  1 . 2 ,  1 . 5  p g r a m s  p e r  ml f o r  D3CMDH.















M y -  M DH -  PROTEIN / i q
200 0
F i g u r e  l a .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20






0 0 2 00-0
F i g u r e  l b .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 1
F i g u r e  2
T i m e - a c t i v i t y  S tudy  o f  M a la te  D ehydrogenase .
Legend
C u v e t t e s  ( 1 . 5  ml volume and 0 . 5  cm l i g h t  p a t h )  c o n ta in e d  
p e r  ml, 67 jumoles o f  t r i s - a c e t a t e  b u f f e r  pH 7 . 4 ,  o . l  umoles
i
o f  DPNH, 0 .5 1  p n o l e s  OAA pH 7 . 0 ,  9 . 5  Jigrams o f  MyMDH o r  0 . 6  
pgrams o f  D3CMDH. T h is  a s s a y  sys tem was r e p e a t e d  o v e r  a  
number o f  h o u r s  on t h e  same enzyme d i l u t i o n .
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F i g u r e  3
The E f f e c t  o f  I n c r e a s i n g  C o n c e n t r a t i o n  o f  M a la te  
Dehydrogenase  on t h e  I n i t i a l  R a te  o f  R e d u c t io n  
"by DPNH i n  a  C o r r e c t e d  System.
Legend
Each c u v e t t e  ( 1 . 5  ml volume and 0 . 5  cm l i g h t  p a t h )  
c o n t a i n e d  p e r  m l ,  6? p n o l e s  o f  t r i s - a c e t a t e  b u f f e r  pH 7 . ^ ,  
0 .1  junoles DPNH, 0 .5 1  jano les  o f  OAA pH 7 . 0 ,  v a r y i n g  
c o n c e n t r a t i o n s  o f  t h e  enzyme 0 . 3 * 0 . 6 , 0 . 9 » 1 . 2 , 1 . 5  jagrams 
f o r  D3CMDH. A s i m i l a r  a s s a y  c o n t a i n i n g  O ^ ^ g r a m s  p e r  ml o f  
D3CMDH was c a r r i e d  o u t  s i m u l t a n e o u s l y .  The d e c r e a s e  i n  
enzyme a c t i v i t y  was th e n  c o r r e c t e d  t o  z e r o  t im e .
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F i g u r e  ^
The E f f e c t  o f  Magnesium I o n s  on  a  T i m e - a c t i v i t y  
S tu d y  o f  M a l a t e  D e h y d r o g e n a s e .
Legend
C u v e tte s  ( 1 . 5  ml volum e and 0 .5  cm l i g h t  p a th )  
c o n ta in e d  p e r  m l,  67 jumoles o f  t r i s - a c e t a t e  b u f f e r  pH 7 . ^ ,
t
0 .1  pm oles  DPNH, 0 .5 1  / tm oles  OAA pH 7 . 0 ,  and  0 .6 ^ ig r a m s  
o f  D3CMDH. The d e c r e a s e  i n  enzyme a c t i v i t y  w i th  t im e  was 
m easu red  w i th  and  w i t h o u t  t h e  p r e s e n c e  o f  27 ^lmoles p e r  ml 
o f  magnesium i o n s .
o '
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Table 1
The E f f e c t  o f  F r e e z e - t h a w  on th e  S t a b i l i t y  o f  M a la te  
Dehydrogenase  when s t o r e d  a t  -15°C and  0QC w i th  
and  w i t h o u t  t h e  P r e s e n c e  o f  Magnesium I o n s .
Legend
A p r o p e r l y  d i l u t e d  enzyme sys tem  was d i v i d e d  i n t o  two 
p o r t i o n s ,  t o  one o f  which was added  2? jpmoles p e r  ml o f  
magnesium i o n s .  The enzyme was a l l o w e d  to  i n a c t i v a t e  a t  
0°C t o  t h e  p l a t e a u  o f  a c t i v i t y .  Then, t h e  enzyme was s t o r e d  
o v e r n i g h t  a t  -15°C and  3°C a n d  t h e  a c t i v i t y  d e te r m in e d .
The enzyme sys tem  was a l l o w e d  t o  r e m a in  a t  0°C a g a i n  and 
t h e  e f f e c t  on a c t i v i t y  was d e t e r m i n e d .  A s t a n d a r d  a s s a y  
sys tem  was u s e d  i n  a l l  c a s e s .
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T a b l e  1
The E f f e c t  o f  F r e e z e - t h a w  on t h e  S t a b i l i t y  o f  M a la te  
Dehdyrogenase  when s t o r e d  a t  -15°C and 0°C w i th  
and w i t h o u t  t h e  P r e s e n c e  o f  Magnesium I o n s ,
T em pera tu re  
o f  S to r a g e
-15°C
3°C
- l  5°c
p l u s  magnesium 
i o n s
p l u s  magnesium 
i o n s
% A c t i v i t y  
r e m a in in g  





% A c t i v i t y  
r e m a in in g  a f t e r  
a d d i t i o n a l  
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D i s c u s s i o n
M ito c h o n d r ia l  m a la te  deh yd ro g en ase  and s u p e rn a ta n t  
m a la te  d eh yd ro g en ase  a r e  co n sp icu o u s  b y  th e  absence o f  
d i s u l f i d e  bonds ( 5 8 ) .  M ito c h o n d r ia l  m a la te  d eh yd ro g en ase  
c o n ta in s  tw e lv e  h a l f - c y s t i n e  r e s id u e s  as com pared to  th e  
s ix  o f  s u p e rn a ta n t  m a la te  d e h y d ro g e n a s e . I t  i s  p o s s ib le  
th e n , t h a t  i n a c t i v a t i o n  o f  th e  m ito c h o n d r ia l  m a la te  
deh yd ro g en ase  o c c u rs  b y  th e  fo r m a t io n  o f  d i s u l f i d e  b r id g e s .
The -S H  g ro u p s  may be o x id iz e d  r e a d i l y  by a g e n ts  such as 
c y s tin e ^  fro m  th e  two -S H  g roup s  to  th e  - S - S -  g ro u p in g .
S in c e  i t  has b een  n o te d  ( 5 9 )  t h a t  serum a lb u m in  i n h i b i t s  
m a la te  d e h y d ro g e n a s e , th e n  th e  c y s t in e  g roup s o f  th e  a lb u m in  
may a c t  as th e  o x id iz in g  a g e n t .  C om plete  i n a c t i v a t i o n  
when th e  m a g n e s iu m -tre a te d  enzyme s o lu t io n  was s to r e d  f r o z e n  
o r  a t  3°C  may r e s u l t  fro m  a  b r e a k in g  o f  th e  h yd ro g en  b o n d s . 
T h is  has b een  d e m o n s tra te d  w ith  l a c t a t e  deh yd ro g en ase
t r e a t e d  w ith  sodium  c h lo r id e  ( 6 o ) .
I t  i s  p o s s ib le  t h a t  th e  i n a c t i v a t i o n  o f  th e  m ito c h o n d r ia l  
m a la te  deh yd ro g en ase  o b s e rv e d  w i t h  t im e  may r e s u l t  fro m  th e  
change o f  t e r t i a r y  s t r u c t u r e  p ro m o ted  b y  th e  m agnesium  io n s .  
F o rm a tio n  o f  d i s u l f i d e  b r id g e s  a c ro s s  th e  m o le c u la r  c h a in s  
w o u ld  g iv e  a  r i g i d  t e r t i a r y  s t r u c t u r e .  T h is  c o u ld  h in d e r  th e  
a c t iv e  s i t e  f o r  DPNH b in d in g  and o x a la c e ta te  b in d in g  to  th e  
enzyme m o le c u le .  The d is s o c ia t io n  o f  th e  h yd ro g en  bonds
may cause a  r a n d o m iz a t io n  o f  th e  t e r t i a r y  s t r u c t u r in g  
and b r in g  a b o u t an u n c o i l in g  o f  th e  enzyme m o le c u le .  The
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e f f e c t  i s ,  a g a i n ,  t o  b l o c k  t h e  a c t i v e  s i t e s  o f  t h e  DPNH 
b i n d i n g  a n d  o x a l a c e t a t e  b i n d i n g .
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CHAPTER IV
THE EFFECT OF INCREASING CONCENTRATION OF MAGNESIUM IONS ON 
THE MITOCHONDRIAL MALATE DEHYDROGENASE CATALYZED REACTION
Methods
Assay sys tem  #1 w i th  i n o r g a n i c  p h o s p h a t e :  
S p e c t r o p h o t o m e t r i c  q u a r t z  c u v e t t e s  ( 1 .5  ml volume and 0 . 5  cm 
l i g h t  p a t h )  c o n t a i n e d  p e r  ml,  6? jpmoles o f  p o t a s s iu m  
p h o s p h a t e  b u f f e r  pH 7»0,  0 .1  ^imoles DPNH, 0 .51  p n o l e s  OAA 
pH 7 . 0 ,  and  an  a p p r o p r i a t e  c o n c e n t r a t i o n  o f  p r o p e r l y  
d i l u t e d  enzyme. D e io n iz e d  w a t e r  was added to  1 . 5  ml a f t e r  
t h e  magnesium i o n s  ( 0 . 2  M o r  1 .0  M) were added  i n  v a r y i n g  
c o n c e n t r a t i o n .
Assay sys tem  #2 w i th  t r i s - a c e t a t e  b u f f e r :
T h is  a s s a y  sy s tem  i s  s i m i l a r  t o  t h e  above e x c e p t  t h a t  67 
jimoles  p e r  ml o f  t r i s - a o e t a t e  b u f f e r  pH 7 . ^  were u s e d .
Assay  sys tem  #3 w i th  v a r i a t i o n  i n  t h e  c o n c e n t r a t i o n  
o f  OAA added :
S p e c t r o p h o t o m e t r i c  q u a r t z  c u v e t t e s  ( 1 . 5  ml volume and 0.5cm 
l i g h t  p a t h )  c o n t a i n e d  p e r  ml,  67 / imoles t r i s - a c e t a t e  b u f f e r  
pH 7.^» 0 .1 0  junoles  DPNH, 13 o r  67 n m o le s  o f  MgCl2 , 0 .1  ml 
o f  p r o p e r l y  d i l u t e d  enzyme and d e i o n i z e d  w a t e r  to  1 . 5  m] 
a f t e r  t h e  p r o p e r  c o n c e n t r a t i o n  o f  OAA was added .
A ssay  sys tem  #4 w i th  v a r i a t i o n  i n  t h e  c o n c e n t r a t i o n  o f
31
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a  c o n s t a n t  r a t i o  o f  magnesium i o n s  to  o x a l a c e t a t e  added:  
S p e c t r o p h o t o m e t r i c  q u a r t z  c u v e t t e s  c o n t a i n e d  p e r  ml, 67 
umoles o f  t r i s - a c e t a t e  b u f f e r  pH 7 . 0 ,  0 .1 0  ^unoles DPNH,
0 .1  ml o f  t h e  p r o p e r l y  d i l u t e d  enzyme, d e i o n i z e d  w a t e r  to  
1 . 5  ml a f t e r  t h e  p r o p e r  c o n c e n t r a t i o n  o f  OAA and magnesium 
i o n s  were added .
Assay  sys tem  #5 w i th  v a r i a t i o n  i n  t h e  c o n c e n t r a t i o n  
o f  DPNH added :
S p e c t r o p h o t o m e t r i c  q u a r t z  c u v e t t e s  c o n t a i n e d  p e r  rrl , 6 7 ^>iro''es 
o f  t r i s - a c e t a t e  b u f f e r  pH 7 . ^ ,  13 o r  67 yimoles o f  NgClp,
0 ,51  >unoles OAA pH 7 . 0 ,  0 ,1  ml o f  p r o p e r l y  d i l u t e d  enzyme, 
d e io n i z e d  w a t e r  to  1 . 5  ml a f t e r  t h e  p r o p e r  c o n c e n t r a t i o n  
o f  DPNH was added .
Assay  sys tem #6 w i th  v a r i a t i o n  i n  a  c o n s t a n t  
c o n c e n t r a t i o n  o f  OAA to  magnesium:
S p e c t r o p h o t o m e t r i c  q u a r t z  c u v e t t e s  c o n ta in e d  p e r  ml, 67 jum oles  
o f  t r i s - a c e t a t e  b u f f e r  pH 7 . ^ ,  0 . 5 1  pmoles  o r  0 . 0 5 1  p n o l e s  
o f  OAA pH 7 . 0 ,  and t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  m a g n es iu m  
i o n s .  D e io n iz ed  w a t e r  was added to  1 , 5  ml.
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R e s u l t s
Table  2 summarizes t h e  e f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  
o f  magnesium i o n s  on t h e  enzyme sys tem  i n  a  p o t a s s iu m  
p h o s p h a t e  b u f f e r .  T ab le  3 summarizes  t h e  e f f e c t  o f  
i n c r e a s i n g  c o n c e n t r a t i o n s  o f  magnesium i o n s  on t h e  enzyme 
sys tem i n  a  t r i s - a c e t a t e  b u f f e r .  I n  t h e  p h o s p h a t e  sy s te m ,  
t h e r e  was i n h i b i t i o n  i n  i n i t i a l  r a t e  o f  r e d u c t i o n  by DPNH 
w i th  I n c r e a s i n g  c o n c e n t r a t i o n  o f  magnesium i o n s .  The t r i s -  
a c e t a t e  sys tem showed an i n i t i a l  s t i m u l a t i o n  fo l lo w e d  by an 
i n h i b i t i o n .  The a s s a y  sys tem  #1 and #2 were r e p e a t e d  u s i n g  
a  s t a n d a r d  a s s a y  t o  c o r r e c t  each  m easurem ent  f o r  t h e  
i n s t a b i l i t y  o f  t h e  enzyme. The r e s u l t s  o b t a i n e d  f o r  t h e  
c o r r e c t e d  p h o s p h a t e  sys tem  were s i m i l a r  t o  t h e  u n c o r r e c t e d  
sy s te m .  The d e g re e  o f  i n h i b i t i o n  i n  t h e  c o r r e c t e d  sy s te m ,  
how ever ,  was l e s s  t h a n  i n  t h e  u n c o r r e c t e d .  sy s te m .  In  th e  
t r i s - a c e t a t e  sy s te m ,  t h e  s t i m u l a t i o n - i n h i b i t i o n  c u rv e  
was s h i f t e d  from 13 junoles  p e r  ml o f  magnesium i o n s  to  
33 junoles p e r  ml. F i g u r e  5 i l l u s t r a t e s  t h e  c o r r e c t e d  d a t a  
f o r  t h e  t r i s - a c e t a t e  sy s tem .
To d e t e r m i n e  i f  t h e  s t i m u l a t i o n  and i n h i b i t i o n  
phenomenon i n  t h e  t r i s - a c e t a t e  sys tem  r e s u l t e d  from an i o n i c  
s t r e n g t h  e f f e c t ,  a s s a y  sys tem  #2 was r e p e a t e d  u s i n g  
p o ta s s iu m  i o n s ,  i n s t e a d  o f  magnesium ions, at such 
c o n c e n t r a t i o n s  t h a t  t h e  i o n i c  s t r e n g t h  e f f e c t  would be 
m easu red  i n  t h e  same r a n g e .  F i g u r e  6 summarizes t h e  d a t e .
The e f f e c t  o f  o r d e r  o f  a d d i t i o n  o f  r e a g e n t s  t o  t h e  r e a c t i o n
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c e l l  on t h e  i n i t i a l  r a t e  o f  DPNH o x i d a t i o n  was s t u d i e d .
Table  summarizes t h e s e  d a t a  f o r  a. c o r r e c t e d  sy s tem .  I n  
t h e  c a se  where OAA and. DPNH were added l a s t ,  t h e r e  i s  a 1 as: 
i n  a c t i v i t y .  The a d d i t i o n  o f  magnesium i o n s  n a r ro w s  t h i s  
l a g  i n  a c t i v i t y .  An i n i t i a l  s t i m u l a t i o n  o f  t h e  r e a c t i o n  
r a t e  w i th  13 jJmoles p e r  ml o f  magnesium i o n s  added and an 
i n h i b i t i o n  when 67 j jmoles  p e r  ml o f  magnesium i o n s  were 
added  was o b s e rv e d  f o r  t h e  v a r i o u s  p a t t e r n s  o f  a d d i t i o n .
An a t t e m p t  was made t o  d e t e r m i n e  t h e  p o s s i b l e  c a u s e s  
o f  t h e  i n h i b i t i o n  e f f e c t  i n  t h e  p o t a s s i u m  p h o s p h a t e  system 
w i t h  magnesium i o n s  added and i n  t h e  t r i s - a c e t a t e  sys tem  
w i th  magnesium i o n s  add ed .  T t  was f i r s t  n e c e s s a r y ,  however ,  
t o  c o n s i d e r  t h e  e f f e c t  o f  magnesium i o n s  on t h e  o x a l a o e t a t e  
i n  t h e  f o l l o w i n g  s i t u a t i o n s s
1 ) I s  t h e  d e c a r b o x y l a t i o n  o f  OAA enhanced  to  such  a  r a t e  i n  
t h e  p r e s e n c e  o f  magnesium I o n s  w i th  h i g h  magnesium to  OAA 
r a t i o s ,  t h a t  t h e  c o n c e n t r a t i o n  o f  OAA f a l l s  be low  t h e  
s a t u r a t i o n  l e v e l  d u r i n g  t h e  m easurement  o f  t h e  i n i t i a l  r a t e  
o f  r e d u c t i o n  by DPNH?
2)Do t h e  magnesium i o n s  complex w i t h  OAA so t h a t  t h e  OAA 
becomes u n a v a i l a b l e  f o r  r e a c t i o n ?
To d e t e r m i n e  w h e th e r  t h e  magnesium i o n s  c a t a l y z e d  th e  
d e c a r b o x y l a t i o n  o f  OAA a t  such  a  r a t e  t h a t  OAA i s  belovi t h e  
s a t u r a t i o n  c o n c e n t r a t i o n ,  a s  c o n s i d e r e d  i n  1 ) ,  t h e  r a t e  o f  
OAA d e c a r b o x y l a t i o n  a t  280 mjt was m easured  (where  t h e  chance  
i n  t h e  c o n c e n t r a t i o n  o f  OAA can be  f o l l o w e d ) .  Measurements
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o f  t h e  s p o n ta n e o u s  d e c a r b o x y l a t i o n  r a t e  o f  OAA w i th  
i n c r e a s i n g  r a t i o s  o f  magnesium i o n s  t o  OAA such t h a t  
m easu rem en ts  i n c l u d e d  t h e  magnesium i o n  to  OAA r a t i o s  i n  t h e  
r a n g e  o f  s t i m u l a t i o n  t o  t h e  e n z y m a t ic  sys tem  (m easu red  a t  
3^0 nyi) and  i n  t h e  r a n g e  o f  i n h i b i t i o n  t o  t h e  e n zy m a t ic  
sy s tem  (m easu red  a t  3^0 mp) were t a k e n .  The c o n c e n t r a t i o n  
o f  OAA l e f t  i n  t h e  c u v e t t e  a t  t h e  t im e  o f  i n i t i a l  r a t e  
m easu rem en ts  and  a f t e r  two m i n u t e s  was d e te r m i n e d  by 
m e a s u r in g  t h e  i n i t i a l  a b s o r p t i o n  a t  280 mp u s i n g  a s s a y  
sys tem  #1 o r  #2 w i t h  and  w i t h o u t  t h e  p r e s e n c e  o f  magnesium 
i o n s .  'The r e s u l t s  a r e  summarized  i n  T a b le s  5 and. 6 .
I n  T ab le  6 ,  d a t a  f o r  a  1 . 3  x 10^ r a t i o  o f  magnesium i o n s  
t o  OAA c o u l d  n o t  be  o b t a i n e d .  I n c r e a s e d  c o n c e n t r a t i o n s  o f  
magnesium i o n s  c a u s e d  p r e c i p i t a t i o n  i n  t h e  p h o s p h a t e  b u f f e r  
sy s te m .  No m a g n e s i u m - o x a l a c e t a t e  c h e l a t i o n  was o b s e r v e d  i n  
e i t h e r  a s s a y  sy s tem  #1 o r  #6 w i t h  t h e  p h o s p h a t e  b u f f e r .
T h is  i s  i n d i c a t i v e  o f  a  l a c k  o f  f r e e  magnesium i o n s  a v a i l a b l e  
f o r  t h e  c h e l a t i o n  t o  o c c u r .  The d e c r e a s e  i n  o p t i c a l  d e n s i t y
f o r  t h e  i n i t i a l  r a t e  o f  t h e  s t a n d a r d  a s s a y  a t  280 mp ( a s s a y
#1)  was t h e  same a s  t h a t  f o r  t h e  s t a n d a r d  a s s a y  p l u s  
magnesium (13 p m o le s  p e r  ml o f  magnesium i o n s  added)  a t
280 mp. The s i m i l a r  a s s a y  w i t h  67 p m o le s  p e r  ml o f  magnesium
i o n s  d e m o n s t r a t e s  a  s l i g h t  i n c r e a s e  i n  t h e  r e a c t i o n  r a t e ,  
p e r h a p s  i n d i c a t i n g  t h a t  t h e  i n c r e a s e d  c o n c e n t r a t i o n  o f
magnesium i o n s  l e a v e s  some f r e e  magnesium i o n s  f o r  t h e  
r e a c t i o n .  The c h e l a t i o n  o f  magnesium w i th  OAA, how ever ,
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was n o t  i n d i c a t e d .
An o x a la c e t a t e - m a g n e s i u m  a s s a y  sys tem  a t  280 mp was s e t  
up i n  a  t r i s - a c e t a t e  b u f f e r  sys tem  and  i n  a  t r i s - a c e t a t e -  
p o t a s s i u m  p h o s p h a t e  b u f f e r  sy s te m .  The r e s u l t s  a r e  
i n d i c a t e d  i n  T ab le  7. I n  t h e  t r i s - a c e t a t e  sys tem  an OAA- 
magneslum complex was formed a s  i n d i c a t e d  by t h e  i n c r e a s e  
i n  a b s o r b a n c e  r e a d i n g .  However,  i n  t h e  t r i s - a c e t a t e - p o t a s s i u m  
p h o s p h a t e  sys tem  t h e r e  was no i n d i c a t i o n  o f  an OAA-magnesium 
complex.  A d l e r  e_t a l .  ( 6l )  r e p o r t e d  t h a t  p h o s p h a t e  b u f f e r s  
enhanced  t h e  r a t e  o f  d e s t r u c t i o n  o f  DPNH 3 - t o  fy - fo ld  a t  
room t e m p e r a t u r e .  Colowick e t  a l .  (62)  r e p o r t e d  t h a t  t h e  
t r i s  b u f f e r  " p r o t e c t e d "  DPNH a g a i n s t  d e s t r u c t i o n  and 
a b o l i s h e d  t h e  e f f e c t  o f  p h o s p h a t e .  Hence ,  t r i s - a c e t a t e  
b u f f e r  was u s e d  i n  a l l  f u r t h e r  m easurem ents  o f  k i n e t i c s .
K i n e t i c  m easu rem en ts  o f  m a l a t e  d e h y d ro g e n a s e  were made 
u n d e r  v a r y i n g  c o n d i t i o n s  o f  s u b s t r a t e  c o n c e n t r a t i o n  i n  t h e  
p r e s e n c e  o f  magnesium i o n s  i n  o r d e r  t o  e v a l u a t e  t h e  n a t u r e  
o f  t h e  magnesium i o n  e f f e c t  on t h e  e n zy m a t ic  sy s te m .
V a r io u s  t y p e s  o f  p l o t s  o f  t h e s e  d a t a  ( 6 3 ) were made to  
i n t e r p r e t  t h e  t y p e  o f  b e h a v i o u r  o b s e r v e d .  F i g u r e  7 
i l l u s t r a t e s  th e  e f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  
OAA on t h e  m a l a t e  d e h y d ro g e n a s e  sy s tem  w i th  and w i t h o u t  
t h e  p r e s e n c e  o f  magnesium i o n s .  F i g u r e  8 i l l u s t r a t e s  th e  
e f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n  o f  a  constant; r a t i o  o f  
magnesium i o n s  t o  OAA on t h e  m a l a t e  d e h y d ro g e n a s e  sy s tem .  
F i g u r e  9 i l l u s t r a t e s  t h e  e f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n s
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o f  DPNH on th e  m a la te  d e h y d ro g e n a se  sys tem  w i th  and 
w i th o u t  th e  p r e s e n c e  o f  magnesium i o n s .
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
T a b l e  2
The E f f e c t  o f  M agnesiu m  I o n s  on  t h e  I n i t i a l  R a te
o f  R e d u c t i o n  b y  DPNH b y  M a l a t e  D e h y d r o g e n a s e
i n  P h o s p h a t e  B u f f e r  ( U n c o r r e c t e d  S y s t e m ) .
Legend
A ssay  sy s tem  #1 was u s e d  w i th  v a r y in g  c o n c e n t r a t i o n s  
0 . 0 ,  1 3 . 0 ,  2 0 . 0 ,  2 7 . 0 ,  3 3 . 0 ,  Uo.O, 67 .0  jim oles p e r  ml o f  
magnesium i o n s .  The r a t e  o f  r e d u c t i o n  by  DPNH was 
m easu red  i n i t i a l l y  and  a f t e r  a  two m in u te  i n c u b a t i o n  p e r i o d  
( a l lo w in g  f o r  m a g n e s iu m -o x a la c e ta te  c h e l a t i o n  to  o c c u r ) .
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T a b le  2
The E f f e c t  o f  M agnesiu m  I o n s  on  t h e  I n i t i a l  R a te
o f  R e d u c t i o n  b y  DPNH b y  M a l a t e  D e h y d r o g e n a s e
i n  P h o s p h a t e  B u f f e r  ( U n c o r r e c t e d  S y s t e m ) .
j im o les /m in  
Z ero  Time 
x 10"3
^im oles/m in  
a f t e r ^2 min 
x lO "^
Jimoles ml ^ 
Mg++ added
R a t io  MgH 
to  0AA=
4 .8 3 4 .9 8 0 .0 0 .0
3 .0 6 3 .2 2 1 3 .0 2 5 .6
2 .2 5 2 .0 9 2 0 .0 39 .2
2 .0 9 2 .0 9 2 7 .0 5 3 .0
1 .8 5 1 .8 5 3 3 .0 6 4 .6
1 .61 1 .6 1 4 0 .0 7 8 .5
1 .2 1 1 .2 1 6 7 .0 1 3 1 .0
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T a b le  3
The E f f e c t  o f  M agn esiu m  I o n s  on  t h e  I n i t i a l  R a te
o f  R e d u c t i o n  b y  DPNH b y  K a l a t e  D e h y d r o g e n a s e
i n  T r i s - a c e t a t e  B u f f e r  ( u n c o r r e c t e d  s y s t e m ) .
Legend
A ssay  sy s tem  #2 was u s e d  w i th  v a r y in g  c o n c e n t r a t i o n s  
0 . 0 ,  7 .0 ,  1 3 .0 ,  2 0 .0 ,  2 7 .0 ,  3 3 .0 ,  6 7 .0  p inoles p e r  ml 
o f  magnesium i o n s .  The r a t e  o f  r e d u c t i o n  by  DPNH was 
m easu red  i n i t i a l l y  and  a f t e r  a  two m in u te  i n c u b a t i o n  
p e r i o d  ( a l lo w in g  f o r  an o x a la c e ta te -m a g n e s iu m  c h e l a t i o n  
to  o c c u r ) .
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T a b le  3
The E f f e c t  o f  M agn es iu m  I o n s  on  t h e  I n i t i a l  R a te
o f  R e d u c t i o n  b y  DPNH b y  M a l a t e  D e h y d r o g e n a s e
i n  T r i s - a c e t a t e  B u f f e r  ( U n c o r r e c t e d  s y s t e m ) .
jaraoles/m in  jum oles/m in  um oles m l” 1 R a t io  My
Z ero  Time a f t e r  2 min Mg added  to  OAA=
x 10"-5 x 10“ 3
1 .5 8 1 .5 8 0 .0 0 .0
1 .9 9 1 .9 9 7 .0 1 3 .1
2 .2 9 2 .6 7 1 3 .0 2 5 .6
3 .31 3 .31 2 0 .0 39 .2
3 .48 3 .4 8 2 7 .0 5 3 .0
2 .5 8 3 .0 9 33 .0 6 4 .6
2 .9 9 2 .9 9 4 o . o 7 8 .5
2 .6 4 2 .6 4 67 .0 1 31 .0
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F i g u r e  5
The E f f e c t  o f  I n c r e a s i n g  C o n c e n t r a t io n s  o f  Magnesium 
I o n s  on th e  I n i t i a l  R a te  o f  R e d u c t io n  hy DPN±£ hy 
M a la te  D ehydrogenase  ( c o r r e c t e d  S y s te m ) .
Legend
A ssay  sy s tem  #2 was u s e d  w i th  v a r y in g  c o n c e n t r a t i o n s  
0 . 0 , 7 .0 ,  1 3 . 0 , 2 0 . 0 , 2 7 . 0 , 33 . 0 , *K).0 , 53. 0 , 6 7 . 0 , p o l e s  
p e r  ml o f  magnesium i o n s .


















J h  moles  MgC
F ig u r e  5*
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F i g u r e  6
The E f f e c t  o f  I n c r e a s i n g  C o n c e n t r a t i o n s  o f  P o ta s s iu m  
I o n s  on th e  I n i t i a l  R a te  o f  R e d u c t io n  hy  DPNH 
hy  M a la te  D ehydrogenase  (C o r r e c te d  S y s tem ).
Legend
A ssay  sy s tem  #2 was s e t  up w i th  v a r y in g  c o n c e n t r a t i o n s  
0 . 0 , 7 .0 ,  1 3 .0 ,  2 7 .0 ,  4 0 .0 ,  5 3 .0 ,  6 7 .0 ,  8 0 . 0 , 1 0 7 .0 ,  )imoles 
p e r  ml o f  p o ta s s iu m  i o n s .


















F i g u r e  6.
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T a b le
The E f f e c t  o f  O r d e r  o f  A d d i t i o n  o f  R e a g e n t s  on  t h e  I n i t i a l
R a t e  o f  R e d u c t i o n  b y  DPNH b y  M a l a t e  D e h y d r o g e n a s e
( T r i s - a c e t a t e  C o r r e c t e d  s y s t e m ) .
Legend
A ssay  sy s tem  #2 was u s e d  w i th  th e  com ponents o f  r e a c t i o n  
b e in g  added  i n  th e  o r d e r s  i n d i c a t e d .  A 3 0 -se c o n d  i n c u b a t i o n  
p e r i o d  was a l lo w e d  f o r  m ix in g  o f  com ponents b e f o r e  th e  
i n i t i a l  r a t e  o f  r e d u c t i o n  was d e te rm in e d .
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T a b le  4
The E f f e c t  o f  O r d e r  o f  A d d i t i o n  o f  R e a g e n t s  o n  t h e  I n i t i a l
R a t e  o f  R e d u c t i o n  b y  DPNH b y  M a l a t e  D e h y d r o g e n a s e
( T r i s - a c e t a t e  C o r r e c t e d  S y s t e m ) .
Components i n  
O rd e r  o f  
A d d i t io n
% A c t i v i t y  % A c t i v i t y  
no Mg++ i o n s  13 juno les  ml“ i  
Mg++ I o n s
% a c t i v i t y  
67 um oles ml 
Mg' + i o n s
T r i s - a c e t a t e
DPNH
°H+Mg io n s  
D^ CMDH
9 4 .5 100 98 .1





9 2 .6 9 7 .4 9 6 .0
T r i s - a c e t a t e
0A4+Mg io n s
D3CMDH
DPNH
8 0 .6 9 6 .0 9 2 .4
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T a b le  5
The E f f e c t  o f  Magnesium I o n s  on th e  I n i t i a l  R a te  o f  
R e d u c t io n  by  DPNH (3^0 mji) a s  compared to  th e  E f f e c t  
o f  Magnesium I o n s  on t h e  S p o n ta n eo u s  D e c a rb o x y la t io n  
o f  OAA (280 wp.) i n  P o ta s s iu m  P h o sp h a te  B u f f e r .
Legend
The f o l lo w in g  a s s a y s  were u s e d :
a ) S ta n d a r d  a s s a y  (OAA, D^CMDH, DPNH) a t  3*1-0 mji w i th  0 .5 1  
o r  0 .0 51  ju n o le s  p e r  ml o f  OAA.
b ) S ta n d a r d  a s s a y  p l u s  magnesium i o n s  a t  340 m^ w i th  th e  
f o l lo w in g  r a t i o s  o f  magnesium i o n s  t o  OAA -  2 5 .6 ,  131» 1310.
c)OAA-magnesium a s s a y  ( w i th  no DPNH o r  MDH p r e s e n t )
a t  340 mjA w i th  th e  f o l lo w in g  r a t i o s  o f  magnesium i o n s  to  OAA 
- 25. 6 , 1 3 1 , 1310 .
d ) S ta n d a r d  a s s a y  s i m i l a r  to  a )  b u t  a t  280 m p.
e ) S ta n d a r d  a s s a y  p l u s  magnesium i o n s  s i m i l a r  to  t h a t  o f  b) 
b u t  a t  280 mp.
f  )OAA-magnesium a s s a y  s i m i l a r  to  c )  b u t  a t  280 mju.
The r a t e  o f  r e d u c t i o n  was m easu red  a f t e r  2 min to  
a l l o w  f o r  th e  m a g n e s iu m - o x a la c e ta te  c h e l a t i o n  to  o c c u r .
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T a b le  5
The E f f e c t  o f  Magnesium Io n s  on th e  I n i t i a l  R a te  o f  
R e d u c t io n  by  DPNH (340 mp) a s  compared to  t h e  E f f e c t  
o f  Magnesium I o n s  on t h e  S p o n tan eo u s  D e c a rb o x y la t io n
o f  OAA (280 mp) i n  P o ta s s iu m  P h o sp h a te  B u f f e r ,___________
lussay System  R a t io  Mg++ _ p m o les /m in  % OAA u t i l i z e d
i o n s  to  OAA-  a f t e r  2 min a f t e r  2 min
i n c u b a t i o n  
x 10~3
a 0 .0 2 .7 4 -
0 .0 4 .8 3 -
b 2 5 .6 1 .7 7 -
131 .0 0 .9 7 -
1310 p p t
form ed
-
c 2 5 .6 0 .0 -
1 3 1 .0 0 .0 -
1310 0 .0 -
d 0 .0 0 .2 3 -
e 2 5 .6 0 .2 3 0 .4 3
1 3 1 . 0 0 . 7 4 0 . 8 6
1310 - -
f 2 5 .6 0 .0 -
1 3 1 .0 0 .0 -
1310 0 .0 -
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T a b le  6
The E f f e c t  o f  Magnesium I o n s  on th e  I n i t i a l  R a te  o f  
R e d u c t io n  hy  DPNH (3^0 mji) a s  compared to  t h e  E f f e c t  
o f  Magnesium Io n s  on th e  S p o n tan eo u s  D e c a rb o x y la t io n  
o f  OAA (280 mp) i n  T r i s - a c e t a t e  B u f f e r .
Legend
The a s s a y s  h e r e  a r e  s i m i l a r  to  th o s e  i n  Cable 5 w i th  
t h e  s u b s t i t u t i o n  o f  t r i s - a c e t a t e  b u f f e r  f o r  th e  p o ta s s iu m  
p h o s p h a te  b u f f e r .
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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T a b l e  6
The E f f e c t  o f  Magnesium Io n s  on th e  I n i t i a l  R a te  o f  
R e d u c t io n  by DPNH (3^0 mju) a s  compared to  th e  E f f e c t  
o f  Magnesium I o n s  on t h e  S p o n tan eo u s  D e c a rb o x y la t io n
o f  OAA (280 mja) i n  T r i s - a c e t a t e  B u f f e r .
A ssay  System R a t io  Mg++ _ 
i o n s  to  OAA
j^m oles/m in 
a f t e r  2 min 
i n c u b a t i o n  
x 10“ 3
% OAA u t i l i z e d  
a f t e r  2 min
a 0 .0 1.4-1 —
G.O 2 .6 k -
b 2 5 .6 1 .7 5 -
1 3 1 .0 2 .8 0 -
1310 0 .1 0 -
c 2 5 .6 0 . 0 -
1 3 1 .0 0 ,0 -
1310 0 .0 -
d 0 .0 0 .1 0 .9 9
e 2 5 .6 0 .1 3 1 .3 0
1 3 1 .0 3 .3 ^ 3 .50
1310 0 .5 5 0 .7 7
f 2 5 .6 0 . 8 k 3 .1 3
1 3 1 .0 2 .8  6 1 1 . 4-0
1310 0 .5 6 10.4-0
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T a b le  7
The E f f e c t  o f  Magnesium Io n s  on th e  S p o n taneou s  
D e c a rb o x y la t io n  o f  OAA (280 mp) i n  a  T r i s -  
A c e ta te  B u f f e r  System and in  a  T r i s - a c e t a t e -  
P o ta s s iu m  p h o s p h a te  B u f f e r  System .
L egend
A c u v e t t e  ( 1 .5  ml volume and o .5  cm l i g h t  p a th )  
c o n ta in e d  th e  f o l lo w in g  p e r  m l: 67 jim oles t r i s - a c e t a t e
b u f f e r  pH 7 . ^ ,  0 .5 1  mmoles OAA, 13 pm o les  magnesium io n s  
and  d e io n i z e d  w a te r  to  1 . 5  m l.
A second  c u v e t t e  c o n ta in e d  th e  f o l lo w in g  p e r  m l: 
33*5 pm o les  t r i s - a c e t a t e  b u f f e r  pH 7 . ^ ,  33-5  pm oles 
p o ta s s iu m  p h o sp h a te  b u f f e r  pH 7 . ^ ,  0 .5 1  pm oles OAA, 13 
um oles magnesium i o n s  and d e io n i z e d  w a te r  to  1 .5  m l.
The r a t e  o f  i n i t i a l  r e a c t i o n  a t  280 mp was m easured  
a f t e r  2 m in u te s  ( a l lo w in g  f o r  th e  o x a la c e ta te -m a g n e s iu m  
complex to  fo rm ).
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T a b le  ?
The E f f e c t  o f  Magnesium I o n s  on th e  S p o n tan eo us  
D e c a rb o x y la t io n  o f  OAA (280 mp) i n  a  T r i s -  
a c e t a t e  B u f f e r  System and  i n  a  T r i s - a c e t a t e -  
P o ta s s iu m  p h o s p h a te  B u f f e r  System .
A ssay  System  % OAA u t i l i z e d  A bsorbance
a f t e r  2 min I n c r e a s e  o f
OAA-magnesium 
complex a t  280 mji
OAA-magne sium 2 .2 k 3 .80
a s s a y  i n  t r i s -
a c e t a t e  b u f f e r
OAA-magnesium 0 .7 0 0
a s s a y  i n  t r i s -
a c e t a t e - p o t a s s i u m
p h o s p h a te  b u f f e r
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F i g u r e  7 a , b , c , d
K i n e t i c  S t u d i e s  o f  th e  E f f e c t  o f  I n c r e a s i n g  
C o n c e n t r a t io n s  o f  OAA on th e  M ala te  
D ehydrogenase  C a ta ly z e d  System .
Legend
A ssay  sys tem  #3 was s e t  up w ith  i n c r e a s i n g  
c o n c e n t r a t i o n s  0 .2 6 ,  0 . 5 1 » 1 .0 2 ,  1 .53»  2 .5 5  jumoles p e r  
ml o f  OAA. The a s s a y  sy s tem  was c a r r i e d  o u t  w i th  no 
magnesium io n s  p r e s e n t  ( o — o — o  )» w ith  13 pm o les  p e r  
ml o f  magnesium i o n s  p r e s e n t  ^  — -*0» w i th
67 ^imoles p e r  ml o f  magnesium io n s  p r e s e n t  ( •  — # ~ # ).
F ig u r e  7h p r e s e n t s  a  1 / v  x 1 /S  p l o t .
F ig u r e  7c p r e s e n t s  a  S /v  x S p l o t .
F ig u r e  7d p r e s e n t s  a  v x v /S  p l o t .







JU moles MgClg ml4 0
67
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[O A A ]  U  moles ml
Pi mi r e  7a .

















F i g u r e  7 b .






















F ig u r e  ?d .
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F i g u r e  8 a , b , c , d
K i n e t i c  S t u d i e s  o f  th e  E f f e c t  o f  I n c r e a s i n g  
C o n c e n t r a t io n s  o f  a  C o n s ta n t  R a t io  o f  
Magnesium Io n s  to  OAA on th e  M ala te  
D ehydrogenase  C a ta ly z e d  System .
Legend
A ssay  sy s tem  was s e t  up w i th  i n c r e a s i n g  c o n c e n t r a t i o n s  
0 .2 6 ,  0 .5 1 ,  1 .0 2 ,  1 .53*  2 .5 5  jim oles p e r  ml o f  OAA. The 
a s s a y  sy s tem  was c a r r i e d  o u t  a t  a  c o n s t a n t  c o n c e n t r a t i o n  
o f  magnesium i o n s  a t  a  r a t i o  o f  2 5 .6  ( A — <A — ^  ) ,  and
131 ( •  — # ) ,  magnesium i o n s  to  OAA.
F ig u r e  8b p r e s e n t s  a  1 / v  x 1 /S  p l o t .
F ig u r e  8c p r e s e n t s  a  S /v  x S p l o t .
F ig u r e  8d p r e s e n t s  a  v  x v /S  p l o t .
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J li moles  Mg Ci2 ml
1__________ _____
[OAA] /< m o l e s  ml
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F ig u r e  9a-»b»c , d
K i n e t i c  S t u d i e s  o f  t h e  E f f e c t  o f  I n c r e a s i n g  
C o n c e n t r a t i o n s  o f  DPNH on t h e  M a la te  
D ehydrogenase  C a ta ly z e d  System.
Legend
Assay  sys tem  #5 was s e t  up w i th  i n c r e a s i n g  c o n c e n t r a t i o n s  
0 . 0 5 ,  0 . 1 0 ,  0 . 1 5 ,  0 . 2 0 ,  0 .2 5  pmoles p e r  ml o f  DPNH. The 
a s s a y  sys tem  was c a r r i e d  o u t  w i t h  no magnesium i o n s  
p r e s e n t  ( o  — Q — o ) ,  13 p n o l e s  p e r  ml o f  magnesium 
i o n s  p r e s e n t  ( A  — - ^ ) ,  and  67 pm o les  p e r  ml o f
magnesium i o n s  p r e s e n t  ( •  — •  — # ) .
F i g u r e  9b p r e s e n t s  a  1 / v  x 1 /S  p l o t .
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D i s c u s s i o n
Magnesium i o n s  s t i m u l a t e  and a t  h i g h e r  c o n c e n t r a t i o n s  
d e p r e s s  t h e  m a l a t e  d e h y d ro g e n a s e  c a t a l y z e d  sys tem  fo rm ing  
a  b e l l - s h a p e d  a c t i v i t y  c u rv e  w i th  maximum a c t i v i t y  a t  
33 p m o le s  p e r  ml o f  magnesium i o n .  V a r io u s  r e a s o n s  f o r  t h e s e  
e f f e c t s  can  be  c o n s i d e r e d .  Raval  (64) has  i n d i c a t e d  t h a t  
r e l a t i v e l y  l a r g e  i n c r e a s e s  i n  i o n i c  s t r e n g t h  a r e  r e q u i r e d  
t o  c a u se  a  s i g n i f i c a n t  change  i n  t h e  i n i t i a l  r e a c t i o n  
v e l o c i t y .  The i o n i c  s t r e n g t h  s t u d y  made w i th  t h e  p o ta s s i u m  
i o n  i n  t h e  same i o n i c  s t r e n g t h  ra n g e  a s  t h e  magnesium i o n s  
i n d i c a t e d  t h a t  t h e  above e f f e c t  was n o t  due t o  any  i o n i c  
s t r e n g t h  phenomenon ( s e e  F i g u r e  6 ) .
The e f f e c t  o f  d e c a r b o x y l a t i o n  o f  OAA can  a l s o  be 
c o n s i d e r e d .  As i n d i c a t e d  i n  T a b l e  4 ,  t h e  s t a n d a r d  a s s a y  
m e a su r in g  DPNH a b s o r b a n c e  d e c r e a s e  a t  340 mp w i t h  6? 
pmoles  p e r  ml o f  magnesium i o n  i n h i b i t s  t h e  i n i t i a l  
r e a c t i o n  r a t e .  However, t h e  s i m i l a r  a s s a y  a t  280 mp w i th  
67 p m o le s  p e r  ml o f  magnesium i o n  a c t u a l l y  s t i m u l a t e s  t h e  
o b s e r v e d  i n i t i a l  a b s o r b a n c e  d e c r e a s e .  At 280 mp, the  
i n i t i a l  a b s o r b a n c e  d e c r e a s e  i s  a  m easu re  o f  b o t h  t h e  
spontaneous decarboxylation rate and t h e  r a t e  o f  r e d u c t i o n  
o f  OAA. At pH v a l u e s  be low  7 .4  and  a t  m o d e ra te  r a t i o s  
o f  magnesium i o n s  t o  OAA, t h e r e  i s  a  m a g n e s iu m -e n o l -  
o x a l a c e t a t e  c h e l a t e  (280 mp) formed which d e c r e a s e s  th e  
r a t e  o f  d e c a r b o x y l a t i o n  o f  o x a l a c e t a t e  ( 6 5 ) .  Thus t h e  r a t e
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o f  d e c a r b o x y l a t i o n  o f  OAA i s  m in im ized  u n d e r  t h e s e  c o n d i t j . o n s .
F u r t h e r ,  t h e  e f f e c t  o f  s u b s t r a t e  s a t u r a t i o n  can  be 
c o n s i d e r e d .  I n  a l l  c a s e s ,  t h e  l o s s  o f  t o t a l  OAA o v e r  t h e  
i n i t i a l  tw o-m in u te  p e r i o d  was l e s s  t h a n  12$. O x a l a c e t a t e  
was p r e s e n t  a t  h i g h  enough c o n c e n t r a t i o n s  ( i n h i b i t o r y  i n  
t h e  c o n t r o l  sys tem )  so t h a t  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  
o f  magnesium i o n s  d i d  n o t  d e c r e a s e  t h e  c o n c e n t r a t i o n  o f  OAA 
by  d e c a r b o x y l a t i o n  t o  be low  s a t u r a t i o n  l e v e l s .  B u t ,  an 
o x a l a c e t a t e - m a g n e s i u m  complex i s  formed a t  t h e s e  
c o n c e n t r a t i o n s  o f  magnesium i o n s .  Thus, t h e  magnesium 
i o n s  must  p l a y  a  d e f i n i t e  r o l e  i n  t h e  mechanism o f  th e  
r e a c t i o n  w i th  m a l a t e  d e h y d ro g e n a s e .
The n a t u r e  o f  t h e  m agnes lum - ion  r o l e  i n  t h e  mechanism 
o f  t h e  r e a c t i o n  can be  i n v e s t i g a t e d  by  i t s  e f f e c t  on th e  
k i n e t i c s  o f  t h e  r e a c t i o n .  V a r i a t i o n  i n  t h e  i n i t i a l  r e a c t i o n  
r a t e  w i th  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  OAA d e m o n s t r a t e s  t h r e e  
e f f e c t s  ( s e e  F i g u r e  7 a ) .  The n e g a t i v e  s l o p e  o f  t h e  cu rv e  
i n d i c a t e s  t h a t  t h e  i n c r e a s i n g  c o n c e n t r a t i o n  o f  OAA i n h i b i t s  
t h e  r e a c t i o n  w i th  and  w i t h o u t  magnesium i o n s  p r e s e n t .  The 
a d d i t i o n  o f  magnesium i o n s  c a u s e d  a  s t i m u l a t i o n  o f  th e  
i n i t i a l  r e a c t i o n  r a t e  a s  i n d i c a t e d  by t h e  i n c r e a s e  i n  
o p t i c a l  d e n s i t y  p e r  m in u te ,  w h i l e  i n h i b i t i o n  by OAA was 
s t i l l  p r e s e n t ,  A com par ison  o f  t h e s e  c u rv e s  s u g g e s t e d  
t h a t  an  i n c r e a s e d  c o n c e n t r a t i o n  o f  magnesium i o n s  
r e l e a s e s  t h e  i n h i b i t o r y  a c t i o n  o f  t h e  o x a l a c e t a t e  
c o n c e n t r a t i o n .  However, h ig h  c o n c e n t r a t i o n s  o f  magnesium
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i o n s  r e s u l t e d  i n  a n o t h e r  i n h i b i t i o n  e f f e c t  a t  low l e v e l s  o f  
OAA c o n c e n t r a t i o n .
The s e r i e s  o f  k i n e t i c  p l o t s  a s  d i s c u s s e d  by Webb (66) 
were made i n  an  a t t e m p t  t o  c l a r i f y  t h e  t y p e s  o f  i n h i b i t i o n  
p r e s e n t .  I t  i s  p o s s i b l e  t h a t  f o u r  t y p e s  o f  i n h i b i t i o n  a r e  
p r e s e n t  a s  i n d i c a t e d  by  t h e  s e r i e s  o f  k i n e t i c  p l o t s  
c o n s i d e r e d  a s  a  u n i t  ( s e e  F i g u r e s  7 b , c , d ) :
1 ) s u b s t r a t e  i n h i b i t i o n  ( s e e  F i g u r e  7a)
2 ) c o m p e t i t i v e  i n h i b i t i o n  a t  m o d e ra te  c o n c e n t r a t i o n s  o f  
magnesium i o n s  ( F i g u r e s  7 b , c , d )
3 ) u n c o m p e t i t i v e  i n h i b i t i o n  a t  m o d e ra te  c o n c e n t r a t i o n s  o f  
magnesium i o n s  ( F i g u r e  7 b , c , d )
4 ) n o n c o m p e t i t i v e  i n h i b i t i o n  a t  h ig h  c o n c e n t r a t i o n s  o f  
magnesium i o n s  ( F i g u r e s  7 b , c , d ) .
These c o n c e p t s  w i l l  be  considered f u r t h e r  i n  a  g e n e r a l  
d i s c u s s i o n .
K i n e t i c  t r e a t m e n t  o f  t h e  v a r i a t i o n  i n  t h e  i n i t i a l  r e a c t i o n  
r a t e  w i th  i n c r e a s e d  c o n c e n t r a t i o n s  o f  OAA and magnesium, 
where t h e  OAA t o  magnesium r a t i o  was m a i n t a i n e d  c o n s t a n t ,  
gave  s i m i l a r  r e s u l t s  t o  t h e  above .  There  i s  s u b s t r a t e  
i n h i b i t i o n  w i th  i n c r e a s e d  c o n c e n t r a t i o n s  o f  OAA. The 
a d d i t i o n  o f  magnesium i o n s  c a u se d  a  s t i m u l a t i o n  o f  t h e  i n i t i a l  
r e a c t i o n  r a t e  a s  i n d i c a t e d  by t h e  i n c r e a s e  i n  o p t i c a l  d e n s i t y  
p e r  m in u te ,  w h i l e  i n h i b i t i o n  by  o x a l a c e t a t e  was s t i l l
p r e s e n t .  A com pa r iso n  o f  t h e s e  c u r v e s  i n d i c a t e d  t h a t  an  
i n c r e a s e d  c o n c e n t r a t i o n  o f  magnesium i o n s  r e l e a s e d  t h e
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i n h i b i t o r y  a c t i o n  o f  t h e  o x a l a c e t a t e  c o n c e n t r a t i o n .  The 
e f f e c t  o f  t h e  magnesium i o n s  i n  r e l e a s i n g  t h i s  i n h i b i t o r y  
e f f e c t  o f  t h e  o x a l a c e t a t e  was g r e a t e r  t h a t  t h a t  i n  which th e  
m agnes ium - ion  c o n c e n t r a t i o n  re m a in e d  c o n s t a n t .  At t h e  
67 umole p e r  ml l e v e l  o f  m agnes ium - ion  c o n c e n t r a t i o n ,  
i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  t h e  c o n s t a n t  r a t i o  o f  
magnesium i o n s  to  o x a l a c e t a t e  r e s u l t e d  i n  an  i n h i b i t i o n  
o f  t h e  r a t e  o f  r e a c t i o n ,  u n l i k e  t h a t  where  t h e  o x a l a c e t a t e  
c o n c e n t r a t i o n  was i n c r e a s e d  w h i l e  t h e  m agnes ium -ion  
c o n c e n t r a t i o n  rem a in e d  c o n s t a n t .  A g a in ,  f o u r  t y p e s  o f  
i n h i b i t i o n  were n o t e d  which were s i m i l a r  to  t h o s e  
m e n t io n e d  b e f o r e  ( s e e  F i g u r e s  8 b , c , d ) .  V a r i a t i o n  i n  t h e  
i n i t i a l  r e a c t i o n  r a t e  w i th  i n c r e a s e d  c o n c e n t r a t i o n s  o f  
DPNH a l s o  i n d i c a t e d  t h r e e  e f f e c t s  o f  magnesium i o n s .
T here  was a  o n e - t o - o n e  r e l a t i o n s h i p  o f  t h e  
i n c r e a s e d  c o n c e n t r a t i o n  o f  DPNH to  t h e  i n c r e a s e d  i n i t i a l  
r e a c t i o n  r a t e .  I n c r e a s i n g  t h e  m agnes ium -ion  c o n c e n t r a t i o n  
t o  13 pm oles  p e r  ml c a u s e d  an  i n c r e a s e  i n  t h e  i n i t i a l  
r e a c t i o n  v e l o c i t y ,  w h i l e  i n c r e a s i n g  t h e  m agnes ium -ion  
c o n c e n t r a t i o n  t o  67 yimoles p e r  ml c a u s e d  an i n h i b i t i o n  o f  
t h e  i n i t i a l  r e a c t i o n  v e l o c i t y  a s  i n d i c a t e d  i n  F i g u r e  9a .
The k i n e t i c  p l o t s  ( s e e  F i g u r e s  9 b , c , d )  i n d i c a t e  a  mixed 
c o m p e t i t i v e  and u n c o m p e t i t i v e  i n h i b i t i o n  a t  m o d e ra te  
c o n c e n t r a t i o n s  o f  magnesium i o n s  and a  n o n c o m p e t i t i v e  
i n h i b i t i o n  a t  h i g h  c o n c e n t r a t i o n s  o f  magnesium i o n s .
The e f f e c t  o f  t h e  magnesium i o n s  on t h e  m a l a t e
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d e h y d ro g e n ase  sys tem  may be  a s  f o l l o w s ;  s u b s t r a t e  
i n h i b i t i o n  may r e s u l t  from a  number o f  s i t u a t i o n s  such  as
1)The s u b s t r a t e  may combine n o t  o n l y  a t  t h e  a c t i v e  
s u b s t r a t e  s i t e  b u t  a l s o  a t  s i t e s  i n  v a r i o u s  s p a t i a l  
r e l a t i o n s h i p s  to  t h e  a c t i v e  s i t e ,  i n t e r f e r i n g  w i th  e i t h e r  
t h e  b i n d i n g  o f  t h e  coenzyme i n  an  a c t i v e  enzyme-coenzyme 
complex o r  i n t e r f e r i n g  w i t h  i t s  r e a c t i o n  when so bound.
2 ) The s u b s t r a t e  i n  t h e  a c t i v e  e n z y m e - s u b s t r a t e  complex
may form a  m u l t i p o i n t  a t t a c h m e n t  t o  t h e  enzyme ( a  s u b s t r a t e  
m o le c u le  i s  bound t o  t h e  a c t i v e  c e n t r e  by  two o r  more 
enzyme g ro u p s  so t h a t  a t  h i g h  s u b s t r a t e  c o n c e n t r a t i o n s  
i t  i s  p o s s i b l e  t h a t  two o r  more s u b s t r a t e  m o le c u le s  can 
be  bound s i m u l t a n e o u s l y  t o  t h e  a c t i v e  c e n t r e .  I f  m u l t i ­
p o i n t  a t t a c h m e n t  i s  n e c e s s a r y  f o r  r e a c t i o n ,  b i n d i n g  o f  t h e  
s u b s t r a t e  m o le c u l e s  a t  t h e  s i n g l e  b i n d i n g  s i t e  w i l l  l e a d  
t o  i n a c t i v e  complexes  and  a  d e c r e a s e  o f  a v a i l a b l e  enzyme 
( 6 7 ) .
When 13 p m o le s  p e r  ml o f  magnesium i o n s  a r e  added 
t o  t h e  i n c r e a s i n g  c o n c e n t r a t i o n  o f  o x a l a c e t a t e ,  t h e r e  i s  a  
m a g n e s l u m - e n o l - o x a l a c e t a t e  c h e l a t e  fo rm ed ,  g i v in g s  
Mg++ + OAA--------^OAA.Mg
T -
I n i t i a l l y ,  t h i s  w i l l  r e l i e v e  some o f  t h e  i n h i b i t o r y  e f f e c t  
o f  t h e  o x a l a c e t a t e  s i n c e  i t  i s  no l o n g e r  a v a i l a b l e  f o r  
s u b s t r a t e  i n h i b i t i o n ,  b e i n g  bound a s  OAA.Mg. T h i s  OAA.Kg 
complex may compete  w i th  t h e  OAA such  t h a t  t h e  enzyme 
c a n n o t  a c t  w i th  OAA to  form an  i n a c t i v e  E.OAA complex.
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T h is  would i n c r e a s e  t h e  i n i t i a l  r a t e  o f  r e a c t i o n  s i n c e  t h e  
enzyme a c t i v e  c e n t r e s  a r e  no l o n g e r  b l o c k e d .  U n c o m p e t i t iv e  
i n h i b i t i o n  may r e s u l t  from t h e  f o r m a t i o n  o f  an  a c t i v e  
enzyme-coenzyme-OAA.Mg complex r a t h e r  t h a n  t h e  enzyme- 
coenzyme-OAA complex.  T h is  may a c t u a l l y  c a u se  an  
enhancement  o f  t h e  r e a c t i o n  a s  i n d i c a t e d  by t h e  
a c t i v a t i o n  o f  t h e  i n i t i a l  r a t e  o f  r e d u c t i o n  by  DPNH. The 
n o n c o m p e t i t i v e  i n h i b i t i o n  o b s e r v e d  a t  h ig h  m agnes ium -ion  
c o n c e n t r a t i o n s  may r e s u l t  from t h e  f o r m a t i o n  o f  an  enzyme- 
magnesium complex which may b l o c k  t h e  enzyme-coenzyme 
a c t i v e  c e n t r e s .  When t h e  m agnes ium - ion  c o n c e n t r a t i o n  i s  
k e p t  c o n s t a n t  w h i l e  t h e  OAA c o n c e n t r a t i o n  i s  i n c r e a s e d ,  
t h i s  i n h i b i t i o n  i s  r e l e a s e d  by  t h e  f o r m a t i o n  o f  t h e  
OAA.Mg complex r a t h e r  t h a n  t h e  enzyme.Mg complex.
I n  t h e  c o n d i t i o n  where t h e  magnesium to  o x a l a c e t a t e  
r a t i o  i s  c o n s t a n t ,  t h e  f o l l o w i n g  may o c c u r .  There  i s  an  
i n i t i a l  s t i m u l a t i o n  due to  t h e  OAA.Mg c h e l a t e  f o r m a t i o n  
f r e e i n g  t h e  i n h i b i t i o n  by  o x a l a c e t a t e .  The s t i m u l a t i o n  
h e r e  i s  g r e a t e r  t h a n  i n  t h e  sys tem  where t h e  magnesium 
i o n  re m a in s  c o n s t a n t  w h i l e  t h e  OAA c o n c e n t r a t i o n  i n c r e a s e s  
s i n c e  t h e  magnesium i o n  i n c r e a s e s  p r o p o r t i o n a t e l y  to  th e  
o x a l a c e t a t e .  T h is  l e a v e s  l e s s  f r e e  OAA f o r  s u b s t r a t e  
i n h i b i t i o n  and  l e s s  f r e e  magnesium i o n s  f o r  i n h i b i t i o n  
by  t h e  f o r m a t i o n  o f  t h e  E.Mg complex.  The i n h i b i t i o n  
o f  t h e  sys tem  a t  h i g h  c o n c e n t r a t i o n s  o f  magnesium i o n s  
r e s u l t s  from t h e  e x c e s s  o f  Mg i o n s  l e f t  i n  t h e  sys tem 
when a  c o n s t a n t  r a t i o  o f  magnesium i o n s  to  OAA i s  added .
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Thus,  n o n c o m p e t i t i v e  i n h i b i t i o n  i s  p r e s e n t  b e c a u s e  o f  
th e  fo r m a t io n  o f  t h e  E.Mg complex.
The sys tem  w i th  I n c r e a s i n g  c o n c e n t r a t i o n  o f  DPNH 
shows a  c o m p e t i t i v e  and an u n c o m p e t i t i v e  i n h i b i t i o n  a t  
l o w e r  c o n c e n t r a t i o n s  o f  magnesium i o n s  and a  n o n c o m p e t i t i v e  
i n h i b i t i o n  a t  h i g h e r  c o n c e n t r a t i o n s  o f  magnesium i o n s .  
A ga in ,  t h e  c o m p e t i t i v e  i n h i b i t i o n  i s  a c t u a l l y  an 
a c t i v a t i o n  s i n c e  t h e  OAA.Mg complex p r e v e n t s  t h e  b lo c k a g e  
o f  a c t i v e  s i t e s  by t h e  OAA. U n c o m p e t i t i v e  i n h i b i t i o n  i s  
a l s o  d e m o n s t r a t e d  a s  an a c t i v a t i o n .  The enzyme-coenzyme- 
OAA.Mg complex would be  more r e a c t i v e  t h a n  t h e  enzyme- 
coenzyme-OAA complex.  N o n c o m p e t i t iv e  i n h i b i t i o n  which 
i s  e x p r e s s e d  a s  an  i n h i b i t i o n  a t  h ig h  c o n c e n t r a t i o n s  o f  
magnesium i o n s  a c t u a l l y  r e s u l t s  from t h e  f o r m a t io n  o f  an 
enzyme-magnesium complex.
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CHAPTER V
SUMMARY
S t a b i l i t y  s t u d i e s  o f  m i t o c h o n d r i a l  m a l a t e  d e h y d ro g e n ase  
i n d i c a t e  t h a t  t h e  a c t i v i t y  o f  t h e  enzyme u n d e rg o e s  an 
e x p o n e n t i a l  r a t e  o f  d e c r e a s e  w i t h  t im e  t o  a  p l a t e a u  o f  
a c t i v i t y .  Magnesium i o n s  i n c r e a s e  t h e  r a t e  a t  which t h e  
p l a t e a u  o f  a c t i v i t y  i s  r e a c h e d .  The enzyme r e t a i n s  more 
t h a n  50% o f  i t s  a c t i v i t y  when s t o r e d  a t  -15°C t h a n  a t  3 °C. 
With magnesium i o n s  p r e s e n t ,  however ,  t h e  enzyme l o s e s  a l l  o f  
i t s  a c t i v i t y  a t  b o t h  o f  t h e s e  s t o r a g e  t e m p e r a t u r e s .
I n c r e a s i n g  c o n c e n t r a t i o n s  o f  magnesium i o n s  r e s u l t  
i n  a  b e l l - s h a p e d  c u rv e  o f  a c t i v i t y  w i t h  t h e  maximum peak  
a t  33 }imoles p e r  ml o f  magnesium i o n s  ( r a t i o  o f  67 , 
magnesium i o n s  t o  OAA). T h is  e f f e c t  does  n o t  r e s u l t  from 
a  change i n  i o n i c  s t r e n g t h ,  n o r  from d e c a r b o x y l a t i o n .  A t  pH
7 . ^ ,  OAA u n d e rg o e s  an  e n o l - o x a l a c e t a t e - m a g n e s i u m  c h e l a t i o n  
which d e c r e a s e s  t h e  r a t e  o f  s p o n ta n e o u s  d e c a r b o x y l a t i o n  
o f  o x a l a c e t a t e .  L ess  t h a n  12$ o f  t h e  o x a l a c e t a t e  
d e c a r b o x y l a t e d  o v e r  a  tw o -m in u te  p e r i o d .  S in c e  t h e  
system c o n t a i n e d  h i g h  c o n c e n t r a t i o n s  o f  o x a l a c e t a t e  
( i n h i b i t o r y  t o  t h e  s y s t e m ) ,  s u f f i c i e n t  OAA was p r e s e n t  
a t  t h e  i n i t i a l  s t a g e s  to  keep  t h e  sys tem  s a t u r a t e d .
K i n e t i c  d a t a  i n d i c a t e  t h a t  magnesium i o n s  a c t i v a t e
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t h e  o x a l a c e t a t e - i n h i b i t e d  m a l a t e  d e h yd ro g en ase  sys tem  a t  
m o d e ra te  c o n c e n t r a t i o n s  o f  o x a l a c e t a t e .  The f o r m a t i o n  
o f  an e n z y m e -o x a la c e ta te -m a g n e s iu m  complex a c t i v a t e s  t h e  
sys tem  s i n c e  i t  r e l e a s e s  t h e  i n h i b i t i o n  o f  t h e  enzyme- 
o x a l a c e t a t e  complex.  The complex may a l s o  a c t i v a t e  by 
t h e  f o r m a t io n  o f  t h e  enzyme-DPNH-OAA.Mg complex which 
may be more r e a c t i v e  t h a n  t h e  enzyme-DPNH-OAA complex.
At h ig h  c o n c e n t r a t i o n s  o f  magnesium i o n s , ,  however,  
i n h i b i t i o n  may o c c u r  by t h e  f o r m a t i o n  o f  an  enzyme-Mg complex.
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APPENDIX I
ENZYME ISOLATION
P r e p a r a t i o n  o f  t h e  A cetone  Powder 
M a la te  d e h y d ro g e n ase  was p r e p a r e d  from an a c e to n e  
powder o f  p i g  h e a r t .  The method o f  p u r i f i c a t i o n  was b a sed  
on t h a t  o f  Ochoa (19^8)  ( 6 8 ) .  Twelve f r e s h  p i g  h e a r t s  
were f r e e d  from f a t  and c o n n e c t i v e  t i s s u e .  A f t e r  p a s s a g e  
t h ro u g h  a  manual meat  g r i n d e r ,  t h e  t i s s u e  was washed 
s u c c e s s i v e l y  t h r e e  t im e s  w i t h  10 volumes o f  l c e - w a t e r ,  
s t r a i n e d  th r o u g h  c h e e s e  c l o t h  and  th e n  s t i r r e d  w i th  3 
volumes o f  c o ld  90$ a c e t o n e - 1 0 $  w a t e r .  A f t e r  t h i r t y  
m in u te s  i n  t h e  aqueous  a c e t o n e ,  t h e  t i s s u e  was a g a i n  
s t r a i n e d  t h r o u g h  c h e e s e  c l o t h  and th e n  e x t r a c t e d  w i t h  t h r e e  
volumes o f  100$ c o l d  a c e t o n e .  The e x t r a c t e d  t i s s u e  was 
c o l l e c t e d  i n  c h e e se  c l o t h ,  p l a c e d  i n  a  l a r g e  d e s i c c a t o r  and 
t h e  s o l v e n t  was removed by vacuum.
E x t r a c t i o n
The m a l a t e  d e h y d ro g e n ase  was e x t r a c t e d  from 82 grams 
o f  th e  a c e t o n e  powder w i th  10 volumes o f  1 m o la r  p o t a s s iu m  
p h o s p h a te  b u f f e r ,  pH 7 . ^ .  The e x t r a c t i o n  was c a r r i e d  o u t  
o v e r  a  2 to  3 -m in u te  p e r i o d  i n  a  o n e - l i t r e  Waring b l e n d e r ,
m a i n t a i n e d  a t  a  t e m p e r a t u r e  b e lo w  20° C. The i n s o l u b l e
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d e b r i s  was rem oved  b y  c e n t r i f u g i n g  t h e  h o m ogena te  f o r  
15 m i n u t e s  a t  2 3 ,5 0 0  x g i n  t h e  L o u r d e s  r e f r i g e r a t e d  
c e n t r i f u g e  (VRA h e a d )  m a i n t a i n e d  a t  0°C.  The p r e c i p i t a t e  
was r e - e x t r a c t e d  w i t h  p h o s p h a t e  b u f f e r ,  pH ? . ^ ,  a s  a b o v e .
The s u p e r n a t a n t s  w ere  com bined  t o  g i v e  a  m i l k y  s o l u t i o n  
o f  t h e  enzyme.
T r e a t m e n t  w i t h  C a lc iu m  P h o s p h a t e  Gel 
C a lc iu m  p h o s p h a t e  g e l  was p r e p a r e d  a c c o r d i n g  t o  t h e  
m ethod  o f  K e i l s  a n d  H a r t a e e  ( 6 9 ) .  The e x t r a c t  ( l l 6 o  ml)  
was c o o l e d  t o  0°C a n d  700 ml o f  t h e  c a l c i u m  p h o s p h a t e  
g e l  was a d d e d .  The p r e c i p i t a t e  was c e n t r i f u g e d  a t  2 3 ,5 0 0  
x g (VRA h e a d )  a t  0°C an d  was d i s c a r d e d .
Ammonium S u l f a t e  F r a c t i o n a t i o n  
The c l e a r  p i n k  s u p e r n a t a n t  p r e p a r a t i o n  (1800  ml)  
from t h e  ab o v e  s t e p  was c o o l e d  t o  0°C a n d  b r o u g h t  t o  0 . 5  
s a t u r a t i o n  w i t h  ammonium s u l f a t e  b y  t h e  a d d i t i o n  o f  352 
grams o f  t h e  s a l t ,  w i t h  m e c h a n i c a l  s t i r r i n g ,  p e r  l i t r e  
o f  e x t r a c t .  S t i r r i n g  was c o n t i n u e d  f o r  30 m i n u t e s .  The 
s u s p e n s i o n  was c e n t r i f u g e d  a t  2 3 ,5 0 0  x g (VRA h e a d )  a t  0°C,  
a n d  t h e  p r e c i p i t a t e  was d i s c a r d e d .  The p i n k  s u p e r n a t a n t  
l i q u i d  was b r o u g h t  t o  0 .6 5  s a t u r a t i o n  a t  0°C b y  t h e  a d d i t i o n  
o f  128 grams o f  ammonium s u l f a t e  p e r  l i t r e  o f  t h e  o r i g i n a l  
s o l u t i o n ,  a s  a b o v e .  The p r e c i p i t a t e  was c e n t r i f u g e d  a t  
2 3 ,5 0 0  x g (VRA h e a d )  a t  0°C an d  t h e  s u p e r n a t a n t  f l u i d  was
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d i s c a r d e d .  The p r o t e i n  p r e c i p i t a t e  o b t a i n e d ,  a s  above ,  
was d i s s o l v e d  i n  i c e - c o l d  d i s t i l l e d ,  w a t e r  t o  a  volume o f  
40 ml.
E th a n o l  F r a c t i o n a t i o n  i n  t h e  P r e s e n c e  o f  Ammonium S u l f a t e  
To t h e  enzyme s o l u t i o n  from t h e  above a t  0°G which 
c o n t a i n s  a p p r o x i m a t e l y  0 .0 8  s a t u r a t i o n  ammonium s u l f a t e  
( s p e c i f i c  a c t i v i t y  1 .0 4 6 )  was added 172 grams o f  ammonium 
s u l f a t e  p e r  l i t r e  o f  e x t r a c t  t o  make i t s  t o t a l  s a t u r a t i o n  
a p p r o x i m a t e ly  0 .2 0  ( s p e c i f i c  a c t i v i t y  1 . 1 1 8 ) .  To th e  
s o l u t i o n  m a i n t a i n e d  a t  0°C was added ,  s lo w ly ,  w i t h  
m e c h a n ic a l  s t i r r i n g  1 volume o f  e t h a n o l ,  c o o le d  to  -15°C. 
S t i r r i n g  was c o n t i n u e d  f o r  30 m in u te s  and  t h e  p r e c i p i t a t e  
was c e n t r i f u g e d  a t  30 ,000 x g (9RA head )  a t  0°C.
To t h e  y e l lo w  s u p e r n a t a n t  f l u i d  was added  0 . 5  volumes o f  
e t h a n o l ,  a s  above .  The p r e c i p i t a t e  was c e n t r i f u g e d  a t  
30 ,000  x g (9RA head )  a t  0°C, d i s s o l v e d  i n  c o ld  d i s t i l l e d  
w a t e r  and d i a l y z e d  f o r  f i v e  h o u r s  a g a i n s t  3 to  4 l i t r e s  o f
0 .0 2  m o la r  p o ta s s i u m  p h o s p h a te  b u f f e r ,  pH 7 . 4 .
R e f r a c t i o n a t i o n  w i th  Ammonium S u l f a t e  
The s o l u t i o n  from d i a l y s i s  was r e f r a c t i o n a t e d  w i th  
ammonium s u l f a t e  a t  0°C be tw een  0 . 5  and  0 .6 5  s a t u r a t i o n .
The p r e c i p i t a t e  b e tw een  0 .0  and 0 .5  s a t u r a t i o n  o f  ammonium 
s u l f a t e  was c e n t r i f u g e d  a t  30 ,000  x g ( 9RA head)  a t  0°C 
and was d i s c a r d e d .  The 0 . 5  to  0 .6 5  f r a c t i o n  c o n t a i n i n g  
t h e  enzyme was c o l l e c t e d  by c e n t r i f u g a t i o n  a t  0°C a s  above .
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The enzyme was su sp en d e d  i n  a  0 .7 0  s a t u r a t i o n  o f  ammonium 
s u l f a t e  a n d  was r e f r i g e r a t e d .
P r e p a r a t i o n  o f  Commercial  M a la te  Dehydrogenase  
M a la te  d e h y d ro g e n a s e ,  o b t a i n e d  from B o e h r in g e r  
Mannheim and  Son i n  5 nig l o t s ,  was p r e p a r e d  by d i a l y s i s  
a g a i n s t  1 m o la r  t r i s - a c e t a t e  b u f f e r  pH ? A  (12 l i t r e s )  
f o r  30 h o u r s .
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